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?This  project  explored  several  related  aspects  of  how  human  observers  perceive 
moving  targets,  particularly  targets  whose  motion  is  -'apparent'^  rather  than 
continuous.  /■  ,;  '  ;  • 

^jllGINS  OF  jgLOBAL  MOTION  PERCEPTS.  When  several  different,  local  motion  vectors 
are  intermixed  the  result  may  be  a  percept  of  global,  coherent  motion.  We 
exploited  this  discovery  in  order  to  develop  a  better  understanding  of  the 
mechanisms  that  support  the  perception  of  motion.  Our  experiments  used 
specially  developed  stimuli  presented  by  computer  control.  (continued) 
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The  stimuli  were  random-dot  cinematograms  made  up  of  512  elements  (bright  dots 
on  a  cathode  ray  tube).  From  one  frame  of  the  display  to  the  next,  each 
element  took  an  independent,  random  walk.  All  steps  in  the  random  walk  were 
of  constant  size  and  the  directions  of  these  steps  were  drawn  from  a  uniform 
distribution. 

When  shown  stimuli  in  which  different,  local  motion  vectors  were  mixed, 
observers  tended  to  see  a  global,  coherent  flow  along  the  mean  of  the  uniform 
distribution  of  directions.  This  perceptual  tendency  varied  inversely  with  the 
range  of  the  distribution.  Standard  psychophysical  techniques  were  used  to 
obtain  psychometric  functions  for  cinematograms  having  various  step  sizes  and 
spatial  densities  of  their  elements.  A  wide  range  of  conditions  produced 
results  that  were  consistent  with  a  modified  version  of  S.  Ullman's  "minimal 
map  theory"  of  motion  correspondence. 

SIZE  FACTORS  IN  APPARENT  MOTION.  We  tested  the  idea  that  the  system  creating 
the  percept  of  motion  makes  use,  at  an  early  stage,  of  information  about  size. 
The  size  information  was  presumed  to  arise  from  size-tuned  mechanisms  with 
fairly  broad  bandwidths  in  the  domain  of  spatial  frequency.  To  test  this 
hypothesis,  we  used  stimuli  whose  luminance  profile  was  a  difference  of 
Gaussians  (DOGs).  Such  stimuli  are  spectrally  band-limited  and  therefore 
should  differentially  stimulate  size-tuned  mechanisms. 

In  one  study,  adjacent  DOGs  of  varying  size  were  alternated  in  a  simple  apparent 
motion  display.  When  DOGs  were  of  the  same  size,  they  were  more  likely  to 
elicit  reports  of  motion.  This  preference  for  size  similarity  was  found  under  a 
range  of  display  conditions.  The  generality  of  this  finding  was  tested  under 
other  conditions.  The  central  DOG  stimulus  alternated  with  two  flanking  DOGs. 
The  central  DOG  could  participate  in  motion  with  one,  both,  or  neither  of  the 
flanking  DOGs.  The  size  relations  among  the  three  DOGs  were  varied  and 
observers'  reports  of  apparent  motion  recorded.  In  general,  the  relations 
discovered  with  the  two  DOG  case  held  for  this  more  complex  display.  A  . 
mathematical  model  was  developed  to  account  for  the  results.  The  model 
conceptualizes  apparent  motion  as  resulting  from  a  competition  between 
simultaneous  tendencies  to  see  motion  in  several  different  directions.  The 
model  supports  the  idea  that  an  early  stage  in  the  processing  of  apparent  motion 
is  the  extraction  of  information  about  the  visual  size  of  the  stimuli. 
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V  A  A  -.  A 


COHERENT  GLOBAL  MOTION  PERCEPTS  FROM  STOCHASTIC  LOCAL  MOTIONS 


lotfoduciioo 

The  ooatjination  of  severs!  different  motion  vectors  csn  produce  s 
percept  of  coherent  motion  in  s  sinSle  direction.  For  e>:3itPlef  if  two 
sinsusoidel  srstinds  of  similar  spstial  freouencies  move  in  different 
directionsj  they  ius<:i  sppesr  to  cohere  into  a  sinSle  movina 
crecf' er-oos  rdl  ike  pattern  (Adelson  snd  Movshon?  1980).  Also*  if 
ro.-.trsit  is  near  threshold?  two  spstislla  interspersed  random  dot 
pstterns  movina  in  orthoaonal  directions  can  aenerate  a  percept  of 
liction  alona  the  mean  of  the  two  directions  (Levinson?  Covne  and  Gross? 
1 '/  o  0 )  . 

'Jllmsn  (1979)  has  demonstrated  that  mans  motion  percepts?  includina 
the  result  of  combinina  several  different  motion  vectors?  can  be 
explained  in  terms  of  purels  local  interactions.  The  spatial  freouencs 
ielectivits  of  coherent  unidirectional  motion  for  movina  sinsusoidsl 
srstinas  persuaded  Adelson  and  Movshon  (1980)  that  mechanisms  which 
senerste  the  percept  of  coherent  motion  operate  on  the  responses  of 
s.-atia!  freauency  channels.  Models  of  spatial  vision  that  are 

•orrnijiitec  in  terms  of  spatially  localized?  spatial  freouency  channels 
it  each  visual  space  have  met  with  considerable  success  (e.a. 

-ilscn  snd  Bersen?  1979).  Ue  were  therefore  interested  in  how  a 
coherent  slobal  percept  could  result  from  the  combination  of  localized 
c  1 1 0  Ti  *'  e  c  1 0  r  s . 

"o  explore  the  role  of  spatially  localized  processina  in  the 
.--erreptior,  of  slobal?  coherent  motion?  we  used  movina  ^anoom  dot 
irietistoaroms .  Such  kinematcsrs'iis  can  be  aenerstec  sccordina  to 
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divapse  r'jl53»  resultina  in  ss  Bans  different  types  of  stiauli.  In  one 
coiiacn  typef  Isrde  subsets  of  the  dots  eove  in  one  direction.  But  such 
stinuli  would  not  be  appropriate  for  our  purposes!  the  contribution  of 
the  local  notion  of  individual  dots  to  the  Slobal  percept  is  obscured 
by  the  redundancy  of  multiple  notion  vectors  in  the  saae  direction. 
Iristssd>we  developed  a  kinematosran  in  which  the  direction  of  motion  of 
ssch  dot  13  independently  defined.  The  stimuli  were  constructed  in  the 
follcwins  oanner.  Initially*  dots  were  distributed  randomly  over  our 
cathode  ray  display.  Each  dot  then  took  an  independent  2-dimerisional 
randofli  walk.  ThouSh  all  dots  travelled  the  same  dislaoce  from  fraae  to 
frame*  the  diceciioo  in  which  any  dot  moved  was  independent  of  the 
directions  in  which  the  other  dots  moved.  Further*  the  direction  a 
siven  dot  moved  from  one  frame  to  the  next  was  independent  of  the 
direction  of  its  previous  displacements*  the  possible  directions  in 
which  all  dots  moved  were  chosen  from  the  same  uniform  probability 
distribution. 

Not  suprisinsly *  if  the  ranSe  of  the  distribution  of  directions 
e:;teriijed  over  all  360  desrees*  local*  random  movement  of  individual 
dots  was  evident.  But  if  the  ranse  of  the  distribution  was  less  than 
360  desrees*  the  pattern  could  appear  to  flow  eo-aasse  in  the 
direction  of  the  mean  of  the  distribution*  even  thoush  the  individual 
perturbations  of  the  dots  were  still  evident. 

Ue  parametrized  the  probability  of  seeins  a  slobal*  coherent 
percept  of  unidirectional  flow  from  local  motion  vectors.  To  do  this* 
«e  varied  the  ranae  of  the  distribution  of  vectors  and  measured  the 


probability  of  seems  uni  di  rectionsl  flow  in  a  direction  slons  the 
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di  itriljijtiori  ■  s  assn.  Ue  then  investiaated  the  properties  of  local 
oechanisas  of  aotion  by  e;:3Binin3  how  perceived  coherence  of  aotion 
chanaed  with  various  local  parsaeters*  These  paraaeters  included 
spatial  factors!  the  step  si*e  in  the  randoa  walk  and  the  density  of 
dots  across  the  displayi  as  well  as  a  tenporal  factor*  the  duration  of 
the  lioveiierit . 

deibods 

The  Patterns  were  senerated  by  a  POP  11/34  computer  that  passed 
values  throuSh  a  diSital  to  analos  converter  for  display  on  a  Hewlett 
Psckard  1321A  X-Y  display  with  a  P31  Phosphor.  The  displayed  stimulus 
was  confined  to  a  souare  reSion  with  sides  measurins  18.5  desrees.  A 
•wrap  around*  scheme  caused  dots  to  'disappear*  when  displaced  beyond 
the  boundary  of  the  souare  and  then  'reappear*  at  the  opposite  side  of 
the  souare.  The  pattern  was  viewed  throuSh  a  cardboard  mask  with  a 
circular  openins  subtendins  16  degrees  of  visual  anSle.  Subjects 
fi;:ated  the  center  cf  the  screen*  viewina  was  monocular  with  the  other 
ese  occluded  by  translucent  eye  patch. 

Each  dot  measured  0.1  dearee  in  diameter.  Thouah  frame  duration 
»3S  always  5  msec*  the  interframe  interval  reouired  to  senerate 
sp’srent  continuous  motion  varied  with  step  sice*  Table  1  lists  those 
intervals  for  each  of  the  step  sices  used.  Perception  of  coherent 
unidirectional  flow  varied  with  the  stimulus  duration  (i.e.  the  number 
of  frames  presented).  Therefore*  e::cept  when  we  measured  perception  as 
5  function  of  the  number  of  frames  presented*  the  stimulus  duration  was 
maintained  at  one  second.  The  reason  for  choosina  this  value  will  be 
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node  clear  in  a  later  sectionf  dealing  with  teneoral  properties  of  the 
stinijlus  • 

The  X-Y  display  provided  the  only  luninance  in  the  roon  and 
subjects  adapted  to  these  luninance  conditions  for  five  ninutes  before 
starting  an  e;.'PeriBental  session.  Contrast  of  the  patterns  was 
rasintained  at  twice  threshold  contrast.  At  the  besinnina  of  each 

session  the  threshold  contrast  was  reestablished  usina  a  von  Bekesy 
trackma  procedure  (Tynan  and  Sekuler»  1977).  Prelininary  eiiperiaents 
indicate  that  s  coherent  notion  percept  could  be  senerated  over  a  wide 
ranae  of  contrasts.  However  since  the  tenporal  conditions  for 

producina  coherent  notion  varied  with  contrastf  we  decided  to  confine 
tne  formal  study  to  a  sinale  contrast. 

In  preliminary  euperiaents »  a  2-3lternati ve  forced  choice 

Procedure  determined  the  probability  of  seeina  unidirectional  flow  alons 
the  mean  of  the  uniform  distribution  of  directions.  These 
= 'obab  1 1  i  t  ies  were  measured  as  a  function  of  the  ranae  of  the 

distribution.  Steps  covered  0.1  desree  and  the  dot  density  was  1.6  dots 

Per  desree.  The  results  were  the  same  for  different  directions  of  the 
itiesn  (s.a.  leftf  riaht>  obliSuef  etc.).  Therefore,  with  no  sacrifice  of 
seneral icabi 1 1 ty  we  subseauently  concentrated  only  on  the  case  in  which 
the  mean  direction  was  upward  with  respect  to  the  subject,  Data  were 
Si  the  red  usina  a  simple  yes- no  parsdiSm.  in  which  the  observer 

incicsted  whether  or  not  a  coherent  unidirectional  flow  was  evident. 

Four  subjects  were  tested,  three  of  whoa  were  naive  as  to  the 
=ur»03e  of  the  study.  The  fourth  subject  was  one  of  the  authors. 
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SesuIia-3Qd.0iscussioo 

EXE'ESISEMI-i:  Stee-Size 

For  various  step  sizes*  ue  first  aeasured  the  erobabilit;^  of  seeins 
coherent  flow  in  the  nean  direction  (upward)  as  a  function  of  the  ranse 
0?'  a  unifortTi  distribution  of  directions.  Four  subjects  participated  in 
the  study*  under  conditions  already  described. 

Fisure  1  shows  the  data  f roa  subject  SDT  for  4  different  step 
sizes:  0.1*  0.9*  1.1  and  1.4  dearees.  The  percentaSe  of  trials  on  which 
the  subject  reported  coherent  unidirectional  flow  'upward*  is  plotted  as 
a  function  of  the  ranae  of  the  distribution.  Note  that  'upward*  is  the 
(lean  direction  of  the  distribution  of  directions.  Results  fall  into 
tuc  cateaories*  dependina  on  whether  the  step  size  is  laraer  or  saaller 
thin  1,0  dearee.  If  the  step  size  was  areater  then  1.0  dearee* 
unidi rectional  flew  was  reported  only  when  the  ranae  of  directions  was 
le't  rlcse  to  the  aean*  directions  of  action  had  to  be  within 
SPProNiaately  4S  dearees  of  the  aean  for  these  step  sizes.  For  step 
sizes  soiller  than  1.0  dearee*  a  considerably  liraer  ranae  of 
distribution  of  directions  could  aenerate  a  percept  of  coherent  flow. 
In  particular,,  when  the  total  ranae  of  180  dearees  was  used  with  small 
steps  coherent  motion  was  reported  aLmost  100%  of  the  time.  Similar 
results  -ere  obtained  for  all  four  subjects  participatina  in  the  study. 
Those  for  subject  AHA  are  shown  in  Fiaure  2.  A  strikina  feature  of 
both  fisures  is  that  a  small*  two  tenths  of  a  dearee  chanae  in  step 
size*  from  0.9  to  1.1*  produces  a  larae  lateral  shift  in  the 
isychcmetric  function,  while  other  chanaes  by  as  much  as  eisht  tenths 


I 


•iesree*  froa  0.1  to  0.9»  result  in  little  or  no  shift 


There  is  s  conceptual  iapediaent  to  a  straiSht  forward 
irilerpretstion  of  these  results.  One  can  not  assuae  that  the  perceived 
path  a  dot  travels  is  the  one  which  was  deterained  the  randoa  walk 
prescribed  for  that  dot.  It  may  be  that  for  a  3iven  dot»  its  perceived 
path  IS  a  coibination  of  its  own  randoa  walk  with  those  for  intrudina 


neishbors.  This 

perceptual 

asibiSui  ty 

is  commonly 

referred 

to  as 

the 

' correspondence 

problem* 

(Braddick* 

1932.*  Narr 

.  1982). 

If 

such 

confusions  did 

occur  f 

spurious 

directions  of 

movement 

could 

be 

Perceived  that  were  inconsistent  with  the  predefined  distribution  of 
Possible  directions.  The  probability  of  confusion  will  depend  of  such 
factors  as  the  step  size»  spacind  or  density  of  dots»  and  the 
interstimulus  interval  (Ullaan»  1979).  If  the  spacins  among  dots  is 
increased  while  other  factors  remain  constanti  it  seeas  reasonable  to 
e;:pect  that  the  probability  of  confusion  amons  paths  should  he  reduced. 

:  Deosity-of-Dots 

In  the  previous  experiiiient  the  density  of  dots  was  constant*  1.6 
dots  per  sQuare  desree  for  all  step  sizes.  Ue  repeated  the  e”Periaent 
at  three  additional  densities  0.3*  0.4  and  0.2  dot  per  souare  desree* 
and  several  step  sizes.  Four  subjects  participated  in  this  experment . 
Fisure  3  shows  the  results  for  step  sizes  of  0.1  and  0.9  desree 
obtained  from  subject  SDT.  For  clarity  of  presentation  the  data  for 
each  step  size  have  been  plotted  asainst  a  separate  abscissa. 
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No  sisnif ic3rit  chsnae  in  ?erceptibilita  occurs  when  dot  density 
chanses  ba  3  factor  of  eiahti  froa  1.6  to  0.2  dots  per  souare  desree. 
for  either  step  size.  This  constancy  is  not  evident  for  step  sizes 
larser  than  1.0  dearee.  As  shown  for  subject  SDT  in  Fiaures  4  and  5» 
for  step  sizes  of  either  1.1  and  1.4  dearees»  decreasind  the  density  of 
dots  increases  the  tendency  to  perceive  unidirectional  flowf  pernittina 
unidirectional  flow  to  be  seen  over  a  wider  ranae  of  directions.  The 
dsshed  line  in  each  fiaure  represents  the  psachoaetric  function  for  step 
size  0.1  dearee  and  density  1.6  dots  per  souare  dearee  taken  froo 
Fiaure  1.  For  a  density  of  0.2  dot  per  souare  dearee  the  data  for  both 
step  sizes)  1.1  and  1.4  deareesr  are  alaost  conaruent  with  this  dashed 
line.  Thus  for  sufficiently  snail  density  of  dots»  perceptibility  for 
step  sizes  Sreater  than  1.0  dearee  is  nearly  eouivalent  to  that  for 
step  sizes  less  than  1.0  dearee. 

Two  iaportant  points  follow  froa  the  results.  First)  the  fact  that 
spacina  of  dots  can  alter  perception  has  important  implications  for  the 
spatial  properties  of  any  hypothesized  local  mechanisms  of  motion 
detection  and  the  'correspondence  problem’.  These  inplications  are 
deicribed  below)  in  the  General  Discussion.  A  second  iaplication  is 
more  aermane  to  the  formulation  of  the  renainina  experiments  and  will  be 
discussed  here.  For  step  sizes  less  than  1.0  deareer  the  constancy  of 
results  over  a  larae  ranae  of  dot  densities  suaaests  that  SPunous 
directions  of  displacement  do  not  sianif icantly  contribute  to  the 
percept.  Thus  for  small  step  sizes)  the  perceived  random  walks  more 
•'aithfully  reflect  the  prescribed  distribution  of  directions.  Pecause 
we  wish  to  draw  conclusions  based  on  the  assumed  perceived  distribution 
;f  directions)  the  renisinina  experiments  were  conducted  under  conditions 
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:'3r  which  the  F'erceived  di slrihution  of  directions  would  be  most 
consistent  with  the  distribution  of  directions  which  define  the  rendoti 
walks. 

£s£EEI-EbII-3 .*  Siistulus-IlursiiaQ 

Detectability  of  unidirectional  flow  was  measured  as  a  function  of 
itiaulus  duration  (i.e.  the  number  of  frames  presented).  For  two 
subjects?  the  effect  of  stimulus  duration  was  determined  for  a  step  sice 
of  0.9  dearee  with  a  dot  density  of  1.6  dots  per  souare  desree. 
Stimulus  durations  (number  of  frames  presented)  used  were  2  frames?  and 
all  odd  numbers  of  frames  randina  from  3  to  13.  For  a  third  subject 
measurements  were  made  for  a  step  sice  of  0.1  dearee  at  a  dot  density  of 
1.6  dots  Per  SQuare  dearee.  The  stimulus  durations  considered  in  this 
case  were  6?  12  and  25  frames.  The  relationship  proved  to  be  nonlinear! 
UP  to  eleven  frames  the  probability  of  seeina  unidirectional  flow 
increased  with  the  number  of  frames  presented?  presentation  of 
sdditional  frames  beyond  eleven  did  not  further  auament  perceptibility. 
FiCure  6  shows  the  data  for  two  durations?  two  frames  snd  eleven  frames? 
with  step  sice  of  0.9  dearee  and  density  1.6  dots  per  souare  dearee.  It 
should  be  noted  that  the  previous  experiments  discussed  and  those  in  the 
remainder  of  the  paper  were  conducted  usina  a  stimulus  duration  for 
which  s.ercept;bi  1 1  ty  is  in  the  asymptotic  reaion. 

In  analycina  temporal  summation  for  our  display?  it  is  important  to 
noted  that  its  local  motion  vectors  are  distributed  in  the  visual  field 
snd  this  distribution  varies  with  tine.  Ue  therefore  wondered  whether 
the  perception  of  coherent  motion  depended  only  on  the  set  of 


Uillisms  snd  Sekuler 


PAGE  9 


directions  present  from  frame  to  frame  or  if  it  also  depended  on  the 
particular  path  each  dot  took  over  time.  For  examplei  would  consecutive 
steps  by  the  same  dot  in  the  same  direction  over  a  nuoiber  of  frames  he 
more  sisnificant  to  perception  than  if  these  individual  steps  were 
spatially  separated  over  successive  frames? 

EcEESIdEi!!-^ !  leaeocal.Suoimaiiao 

To  examine  if  spatial  factors  contribute  to  temporal  summationr  we 
compared  perceptibility  of  coherent  motion  under  two  conditions.  The 
first  condition  used  stimulus  patterns  consistina  of  two  sets  of 
spatially  interspersed  random  dots.  For  one  set  of  dots  (denoted  as 
’noise*)  the  distribution  of  directions  was  uniform  over  all  possible 
360  dearees  of  directions)  for  the  other  set  (denoted  as  ’sianal’)* 
dots  moved  only  in  a  sinale  direction)  upward  on  the  display.  The  set 
sssianments  of  the  dots  remained  the  same  over  all  frames  presented*  so 
that  sene  dots  moved  upward  frame  after  frame  while  other  dots  noved 
ranoomly  frame  after  frame.  Ue'll  call  this  condition  the  'Separate' 
case. 

The  second  condition  was  identical  to  the  first  except  in  one 
aspect;  in  each  frame*  the  particular  dots  constitutina  the  sisnsl  set 
and  those  constitutina  the  noise  set  were  chosen  independently  of  the 
dot  sssianments  to  the  two  sets  in  previous  frames.  Thoush  the 
pre^ortion  of  dots  constitutina  the  sianal  remained  constant  over  all 
frames  in  this  condition*  there  were  oot  two  disjoint  sets  of  dots*  one 
sisnal  and  one  noise*  as  in  the  first  condition.  Ue'll  refer  to  this 
condition  as  the  'Combined'  case. 
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I.'i  bcth  coridi ti oris »  for  s  siven  frofortion  of  dots  which  i»3de  uP’ 
the  si3ri3l»  the  distribution  of  possible  directions  from  one  frsae  to 
th’  ne::t  is  the  33!se.  For  the  Separate  casef  the  probability  that  any 
dot  made  N  consecute  steps  in  the  ’upward*  direction  is  eoual  to  the 
proportion  of  dots  which  are  sianalJ  for  the  Coisbined  case  the 
probability  that  any  dot  nakes  N  consecutive  steps  in  the  upward 
direction  is  the  proportion  of  dots  in  the  sisnal  raised  to  the  power  N. 

The  Probability  of  seeins  unidirectional  coherent  flow  upward  for 
both  conditions  was  aeasured  as  a  function  of  the  proportion  of  the 
total  nuniber  of  dots  which  were  in  the  sianaK  The  step  sice  was  0.9 
dearee  and  density  was  1.6  dots  per  sauare  dearee.  Two  subjects 
participated  in  the  study. 

As  shown  in  Fiaure  7»  there  is  no  sianificant  difference  in  the 
perception  of  coherent  unidirection  flow  upward  between  the  separate 
and  combined  cases.  The  results  indicate  that  temporal  sumiiation  over 
frames  is  critically  dependent  only  on  the  distribution  of  directions 
of  motion  present  from  frame  to  frame.  Ue  can  conclude  that  temporal 
summation  does  not  depend  on  the  spatial  relationship  between  local 
Tiction  vectors  over  time. 

Geciecal.Diacussioo 

As  we  noted  before^  it  is  not  Possible  to  know  a.EcioEi  whether  the 
perceived  path  a  dot  travels  is  identical  to  the  random  walk  prescribed 
for  that  dot.  Consider  two  successive  frames*  H  and  U  4-  1 .  For  a  siven 
dot*  A*  on  frame  we  can  define  its  'correspondent  dot'*  B*  on  frame  H 
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+  1.  E  is  the  dot  on  the  frame  M  +  1  to  which  &  is  Perceived  to  move 
between  frame  tl  end  M  +  1.  If  d's  correspondent  dot  is  the  one  that  was 
determined  bs  the  random  walk  prescribed  for  the  correspondent  dot  is 
said  to  constitute  a  'match'}  if  A's  correspondent  dot  is  not  the  one 
defined  bv  fi's  random  walk*  the  correspondent  dot  is  said  to  constitute 
a  'mismatch'.  Such  mismatches  produce  spurious  directions  of  motion 
that  could  be  inconsistent  with  the  predefined  distribution  of  possible 
di rections . 

Mismatches  are  the  result  of  the  perceptual  confusion  of  random 
walks  perscribed  for  different  dots.  Decreasina  the  spatial  density  of 
dots  should  reduce  the  possibility  of  such  confusions.  If  spurious 
directions  of  motion  due  to  mismatches  do  contribute  to  a  percept  of 
coherent!  unidirectional  motion  then  a  chanse  in  the  density  of  dots 
alone  should  alter  the  psychometric  function.  Our  experiments  showed 
such  changes.  For  step  sires  areater  then  1.0  desrees*  decreases  in  dot 
density!  increases  the  probability  of  perceiving  coherent  flow  (see 
Figures  4  and  5).  In  these  conditions  unidirectional  flow  was  perceived 
over  a  wider  range  of  distribution  of  directions  at  the  lower  dot 
densities.  This  suggests  that  spurious  directions  of  motion  due  to 
mismatches  may  contribute  to  the  percept  of  coherent  motion. 


However  our  experiments  also  contained  conditions  in  which  the 
- sschcmetric  function  was  not  affected  by  changes  in  dot  density.  For 
step  sices  less  than  1.0  degree!  a  change  in  dot  density  by  a  factor  of 
eight!  from  0.2  to  1.6  dots  per  souare  deareei  did  not  alter  the 
detectability  of  coherence  (see  Figure  3).  This  suggests  that  for  the 


smaller  step  sices!  only  the  directions  of  local  motion  determined  by 
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the  f redefined  distribytion  of  directions  sisnif icentls  contribute  to 
the  Perce^’tion  of  the  unidi  rectional »  coherent  aio'.ion.  Misaetches 
s?«e3r  to  he  ainiaiced  or  nonexistent  for  these  small  step  sizes*  It 
should  he  noted  that  et  a  density  of  0.2  dots  per  sauare  desreef 
perception  of  coherent  motion  for  steps  sreater  than  1.0  degree  is 
eouivalent  to  that  for  the  steps  less  than  1.0  deareeCsee  Figures  4  and 


Since  mismatches  are  minimized  for  the  smaller  step  sizes  at  all 
dot  densities  and  at  the  lowest  dot  density  for  the  la-ger  step  sizes* 
it  seems  reasonable  to  speculate  that  the  correspondence  between  dots  on 
successive  frames  is  based  on  a  nearest  neighbor  relationship.  In  this 
view*  the  correspondent  dot  will  be  the  dot  on  the  next  frame  that  is 
closest.  If  the  correspondent  dot  constitutes  a  match  then  by 
definition  the  perceived  distance  aoved  is  the  step  sice.  Table  2 
lists*  the  probability  that  the  distance  from  a  given  dot  on  a  frame  to 
the  nearest  dot  on  the  next  frame  is  less  than  the  step  size.  If  a  dot 
is  always  perceived  to  move  to  the  nearest  dot  on  the  next  frame*  the 
Table  gives  the  probabilities  that  the  correspondent  dot  will  ooi  he 
the  one  prescribed  by  the  random  walk.  This  is  the  probability  of  a 
mismatch  occuring.  For  each  of  the  step  sizes  0.1*  0.9*  1.1  and  1.4 
degrees*  this  probability  is  shown  for  two  different  dot  densities?  1.6 
snd  0.2  dots  per  sauare  degree. 

Ue  tried  to  determine  whether  the  probabilit.-'  of  mismatch  could 
explain  the  variation  in  the  probability  with  which  coherent  flow  was 
seen.  For  a  step  of  0.1  degree  the  probability  of  a  mismatch  is 


extremely  small*  less  than  0.05  at  dot  densities  of  both  1.6  and  0.2 
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^ots  ^er  sausre  degree  (see  Table  2).  This  is  consistent  with  the 
res'jlts  shown  in  Figure  3  for  this  stef»  sice*  a  decrease  in  dot  density 
f roni  1.6  to  0.2  dots  per  souare  degree  did  oot  alter  the  psschooietric 
function.  Uith  step  sizes  of  1.1  and  1.4  desreesi  the  sane  decrease  in 
dot  density  reduces  the  probability  of  misnatch  fron  0.99  to  0.53  and 
0.71r  respectively  (see  Table  2).  Uith  such  a  large  change  in  the 
probability  of  oisnatch  one  would  anticipate  a  significant  alteration  in 
the  psychonet r ic  function  with  the  sane  change  in  dot  density.  As  shown 
in  Figures  4  and  5i  for  both  these  step  sizes  this  decrease  in  dot 
density  produces  a  large  increase  in  the  tendency  to  see  unidirectional 
roherent  tioiion  (Figure  4  and  5).  For  a  step  size  of  0.9  degree* 
decreasing  the  dot  density  fron  1.6  to  0.2  dots  per  souare  degree* 
reduces  the  probability  of  nisnatch  by  an  even  larger  amount*  fron  0.98 
ts  0.40  (see  Table  2).  As  for  step  sizes  1.1  and  1.4*  uith  such  a 
substantial  change  in  the  probability  of  nisnatch*  one  would  expect  to 
find  an  alteration  in  the  psychonetric  function  with  the  sane  change 
in  dot  density.  However  as  shown  in  Figure  3*  with  the  0.9  degree  step 
size*  the  probability  of  seeing  unidirectional  coherent  notion  was 
unaffected  by  this  change  in  dot  density.  Ue  suggested  above  that  a 
.aristun  in  the  confusabi  lity  of  various  random  walks  could  explain 
why  3  change  in  dot  density  affected  the  probability  of  seeing  coherent 
flow.  If  this  explanation  is  correct*our  results  for  step  sizes  of  0.9 
degree  cr  larger  contradicts  the  hypothesis  that  confusabi 1 i ty  -  or  its 
inverse*  cor respondence  -  is  deternined  strictly  by  nearest  neighbor 
relationships.  Br3ddick( 1973)  and  U1 leisn( 1979 )  arrived  at  siailar 
conclusions  regarding  the  utility  of  a  nearest  neighbor  basis  for  the 
rcrrespondence  process. 


To  desl  with  this  inadeauscsf  Ullaan  (1979)  has  proposed  a  'ainmal 


as?  theory  of  aotion  correspondence*  to  account  for  the  perceived 
direction  of  iiotion  of  each  elenent  in  oulii-eleaent  notion  stiauli. 
According  to  the  theory^  each  eleaent  (in  our  case*  each  dot)  is 
assigned  a  'cost  function*  that  deteraines  the  probability  that  a  dot 
will  appear  to  aove  at  a  particular  velocity.  Since  the  teaporal 
characteristics  of  all  of  the  elenents  in  our  stimuli  are  the  saaef  we 
can  replace  velocity  with  distance  travelled  by  a  dot  to  siaplify  the 
discussion.  Acccrdina  to  UllBam  the  cost  function  is  identical  for 
each  eleaent.  The  distance  each  element  or  dot  will  be  perceived  to 
aove  frcci  one  frame  to  the  next  will  be  the  distance  that  ainiaices  the 
'total  cost*  over  all  elements  in  the  stimuli.  Preliminary  results 
susaest  that  the  functional  for#  of  the  cost  function  will  be  sismoid 
(Ullman.  1979.  pede  113). 

Consider  a  siamoid  cost  function  that  increases  with  distance 
travelled  and  has  the  sharply  risina  portion  of  the  siamoid  between  0.9 
and  1.1  dearees.  For  step  sizes  of  0.1  and  0.9  deareer  the  'over  all 
cost*  will  be  minimized  by  havina  the  dots  move  from  frame  to  frame  the 
distance  perscribed  by  the  predefined  random  walk.  The  path  each  dot  is 
perceived  to  travel  would  then  be  the  one  defined  by  the  prescribed 
rardoii  walk,  as  such  the  number  of  mismatches  would  be  minimized  for 
all  the  dot  densities  considered.  For  step  sizes  of  l.I  and  l.A 
dearees*  it  will  be  more  cost  efficient  to  have  the  dots  move  distances 
less  than  0.9  dearee  from  frame  to  frame  where  ever  possible.  At  the 
nisher  dot  densities  this  would  result  in  a  sisnificant  number  of 
mi  snatches.  As  dot  density  is  decreased*  the  Possioility  of  havina  a 
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cot  closer  thsn  0.9  degree  as  the  correspondent  dot  would  he  reducedi 
therbs  reducing  the  nuaber  of  aisaatches.  At  the  lowest  dot  density? 
each  dot  would  be  perceived  to  travel  according  to  its  predefined  rsndoa 
walk.  It  can  be  seen  that  by  the  appropriate  choice  of  cost  function* 
the  results  of  the  first  two  experiaents  would  be  consistent  with  the 
rjiniaal  as?  theory  of  aoticn  correspondence  proposed  by  Ullaan  (  1979). 
The  paracieters  of  the  cost  function  will  provide  constraints  for 
5?3*.islly  localized  raechanisas  of  motion  perception. 

Irrespective  of  the  aechanisa  of  correspondence  between  the  dots  on 
sucessive  frames*  the  correspondence  process  alone  is  not  sufficient  to 
e;:plain  the  generation  of  a  unidirectional  coherent  percept  of  motion 
from  local  motion  vectors.  Our  data  suggest  that  for  step  sizes  less 
than  1,0  degree  and  dot  densities  of  1.6  dots  per  souare  degree  or  less* 
only  the  directions  of  local  motion  determined  by  the  predefined 
distribution  of  directions  significantly  contribute  to  the  perception  of 
coherent  flow.  Ue  also  found  that  although  temporal  summation  occured 
in  a  nonlinear  manner  over  frames*  it  depended  only  on  the  set  of 
directions  of  motion  present  from  frame  to  frame.  Taken  together* 
these  two  results  are  consistent  with  the  idea  that  directions  of  the 
individual  5te»s  are  independently  detected  and  that  these  responses  are 
then  pooled  over  time  and  space  to  generate  the  perception  of  coherent 
motion . 

-roo  the  results  of  E>:periment  1*  we  Know  that  for  a  step  size  less 
thin  1.0  degree  and  dot  density  1.6  dots  Per  souare  degree*  a  uniform 
distribution  of  directions  with  range  130  degrees  generates  a  percept 
of  unidi rectional *  coherent  motion  along  the  mean  for  nearly  100“  of 
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the  trisls  (see  Figures  1  snd  2)«  Consider*  ss  usual*  the  oesn  of  the 
distribution  to  be  upward  with  respect  to  the  subject.  For  this 
stimulus*  on  each  sucessive  frame*  each  dot  will  be  above  or  at  least 
level  to  its  position  on  the  previous  frame.  (The  maJoritu  of  the  dots 
will  of  course  be  translated  horizontally  on  sucessive  frames  as  well.) 
If  the  direction  of  the  individual  steps  are  independently  detectedsnd 
then  the  responses  pooled*  then  the  simple  tsiluce  to  perceive  a  dot 
below  its  previous  position  may  be  sufficient  to  Generate  the  percept  of 
coherent*  unidirectional  flow  in  the  upward  direction.  Ue  tested  the 
idea.  For  the  distribution  of  directions  with  a  ranse  of  ISO  dearees* 
the  probability  of  seeina  unidirectional  flow  alona  its  mean  was 
measured  as  a  function  of  the  ranse  of  a  uniform  distribution  of 
directions  that  was  deleted  from  the  center  of  the  oriainal 
distribution.  For  each  of  the  distributions  constructed  in  this  manner* 
every  dot  will  be  above  or  at  least  level  with  its  position  on  the 
previous  frame.  The  step  size  used  was  0.9  dearee  and  the  dot  density 
was  1.6  dots  per  sauare  dearee.  Data  were  obtained  for  two  subjects  snd 
the  results  are  shown  in  Fiaure  8. 

The  percentsae  of  trials  on  which  the  subject  sees  coherent* 
unidirectional  upward  flow  is  plotted  as  a  function  of  the  ranae  of  the 
distribution  of  directions  deleted.  As  shown  in  Fiaure  S*  if  the 
directions  of  motion  within  20  dearees  of  the  mean  were  removed  from  the 
initial  distribution*  the  frenuency  of  seeina  coherent  flow  alona  the 
mesn  is  reduced  to  50“.  It  should  be  noted  that  for  this  particular 
distribution*  more  than  ?9*  of  the  dots  will  be  above  their  Position  on 
the  previous  frame*  while  less  than  2S  will  be  level  with  its  previous 


position. 


It  15  clear  that  the  presence  of  local  motion  vectors  all  of 
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which  h3ve  s  coaporjent  in  the  direction  aesn  is  not  sufficient  to  ensure 
e  percept  of  coherent  unidi rectionsl  flow.  To  Senerste  the  percept, 
directions  of  local  motion  vectors  in  the  neighborhood  of  the  mean  must 
also  be  present.  This  suggests  that  the  percept  results  from  the 
nonlinear  spatial  pooling  for  responses  of  direction  selective 
mechanisms  that  are  tuned  to  the  mean  direction  of  the  distribution. 

hana  people  have  used  cross  correlation  as  a  framework  within 
which  to  model  direction  selectivity,  in  this  scheme  spatial  samples 
displaced  by  distance  with  a  time  lag  di  are  cross-correlated 
(Reichardt  and  VarJu.  1959}  Poggio  and  Reichardt.  1973).  For  the 
stimulus  patterns  we  have  considered,  with  directions  of  motion  chosen 
from  a  uniform  distribution,  the  cross  correlation  between  two 
successive  frames  is  the  same  in  all  directions  present  in  the 
distribution.  Thus,  any  correlation  mechanism  that  could  account  for 
the  eiiperimental  results  must  be  selectively  sensitive  to  a  cause  of 
directions.  In  the  visual  spatial  domain  this  implies  that  the  cross 
correlation  is  applied  to  the  output  of  spatially  localized  mechanisms 


each  of  which  has  a  receptive  field  that  is  orientation  selective 
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DURATION  OF  INTERFRAME  INTERVAL  REQUIRED  TO  GENERATE 
APPARENT  CONTINUOUS  MOTION  FOR  A  GIVEN  STEP  SIZE 


STEP  SIZE  INTERFRAME  INTERVAL 

(dearees)  (nsec.) 


0,1 

35 

0.3 

50 

O.S 

70 

0.3  or  areater 


90. 
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IiiBLE_2 


THE  PROBABILITY  THAT  THE  DISTANCE  FROM  A  GIVEN 
DOT  IN  A  FRAME  TO  THE  NEAREST  DOT  IN  THE 
NEXT  FRAME  IS  LESS  THAN  THE  STEP  SIZE 


STEP  SIZE 

DENSITY 

OF  DOTS 

( degrees ) 

<dots  per  so'jare  degree) 

1.6  0.2 

0.1 
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0.99 

0.71 

The  distribution 

of 

dots  on 

each  fraae  is  Poisson 

with  paraaeten  di 

the 

density 

of  dots  per  sauare 

deSPee.  The  probability  that  the  distance  froa  s 
aiven  dot  on  a  fraae  to  the  nearest  neishbor  on  the 
r,e:;t  frame  is  less  than  the  step  size*  si  is  Siven 
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EIGUSE-CAEIIOyS 

EIGUEE_1I  The  percentage  reports  of  unidi rectionsl i  coherent  flou  in 
the  upward  direction  as  a  function  of  the  ranse  of  a  unifora 
distribution  of  directions.  The  aean  of  the  distribution  was  in  the 
upward  direction?  the  range  is  Siven  in  degrees.  Data  were  obtained  for 
4  different  step  sizes  0.1»  0.9»  1.1  and  1.4  degrees. The  dot  density  in 
each  case  was  1.6  dots  per  souare  degree.  The  results  fall  into  2 
categoriesj  depending  on  whether  or  not  the  step  size  is  larger  or 
scialler  than  1.0  degree.  (Data  for  subject  SDT). 

EI3UE'E_2.*  Ssuie  as  Figure  1>  except  data  for  subject  AHA. 

EIGLIBE_3J  The  Percentage  reports  of  unidi  reetional  >  coherent  flow  in 
the  upward  direction  as  a  function  of  the  range  of  a  uni  fora 

distribution  of  directions.  The  aean  of  the  distribution  was  in  the 
upward  direction?  the  range  is  given  in  degrees.  Data  were  obtained  for 
2  different  step  sizes  0.1  and  0.9  degree.  For  both  step  sizes  the 

tjecsureaents  were  obtained  at  two  dot  densities  0.2  and  1.6  dots  per 
souare  degree.  For  step  size  0.9  degree^  aeasureaents  were  also 
obtained  at  dot  density  0.3  dots  per  souare  degree.  The  psychonetnc 
function  for  each  step  size  reaains  essentially  unchanged  with  a  change 
in  dot  density.  (Data  for  subject  SDT). 

EIjUE£_4J  The  percentage  reports  of  unidi rectional »  coherent  flow  in 
the  upward  direction  as  a  function  of  the  range  of  a  unifori* 


distribution  of  directions 


The  »ean  of  the  distribution  was  in  the 
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upward  directionr  t.he  rsnse  is  Siven  in  decrees.  Data  were  obtained  for 
step  size  1,1  dearees  at  three  different  dot  densities  0.2»  0.8  and  1,6 
dots  Per  souare  dearee.  For  this  step  size*  perceptibility  does  chanse 
with  dot  density.  With  a  decrease  in  dot  density*  unidirectional 
coherent  flow  was  perceived  over  a  wider  ranae  of  distribution  of 
directions.  For  a  density  of  0,2  dots  ?er  dearee  the  data  for  a  step 
size  of  1.1  dearees  is  aliiost  conaruent  with  those  for  step  size  0.1 
dearee  and  density  1.6  dots  per  souare  dearee  (taken  froa  Fiaure  1) 
represented  by  the  dashed  line  in  the  fiaure.  (Data  for  subject  SDT) 

EIGUSE_jt  The  percentaae  reports  of  unidirectional*  coherent  flow  in 
the  upward  direction  as  a  function  of  the  ranae  of  a  unifora 
distribution  of  directions.  The  aean  of  the  distribution  was  in  the 
upward  direction?  the  ranae  is  aiven  in  dearees.  Data  were  obtained  for 
step  size  1.4  dearees  at  three  different  dot  densities  0.2*  0.4  and  1,6 
dots  Per  souare  dearee.  For  this  step  sire*  perceptibility  does  chanae 
with  dot  density.  With  a  decrease  in  dot  density*  unidirectional 
coherent  flow  was  perceived  over  a  wider  ranse  of  distribution  of 
directions.  For  a  density  of  0.2  dots  per  dearee  the  data  for  a  step 
size  of  1.4  dearees  is  alaost  conaruent  with  those  for  step  size  0.1 
dearee  and  density  1.6  dots  per  souare  dearee  (taken  fro*  Fiaure  1) 
represented  by  the  dashed  line  in  the  fiaure.  (Data  for  subject  SDT). 

£IG'JSE_61  The  percentaae  reports  of  unidirectional*  coherent  flow  in 
the  upusi'd  direction  as  a  function  of  the  ranae  of  a  unifora 
distribution  of  oirections.  The  aean  of  the  distribution  was  in  the 


c  'J 


upward  direction*  the  ranae  is  aiven  in  dearees.  Data  are  shown  for  two 
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differerit  stinulus  durstionsJ  2  frames  and  11  frames.  The  ste?-  size 
was  0.9  desree  and  the  dot  density  was  1.6  dots  eer  sauare  decree. 
r'erceF-tibi  1  ity  increases  with  the  number  of  frames  presented.  (Data  for 
subject  SDT ) . 

EIQUEE_ZJ  The  percentase  reports  of  unidireetion  coherent  flow  in  the 
upward  direction  as  a  function  of  the  percentaSe  of  dots  in  the  'sisnal 
set*.  Dots  in  the  *5:3nal  set*  moved  only  in  the  upward  direction* 
dots  in  the  ’noise  set*  took  their  directions  from  a  uniform 
distribution  covering  360  dearees.  The  curve  labelled  'Separate 
Distribution*  denotes  a  condition  in  which  dot  allocation  to  the 
’sianal  set*  and  ’noise  set*  did  not  chanae  for  all  frames  presented. 
The  curve  labelled  ’Combined  Distribution*  denotes  a  condition  in  which 
cots  are  allocated  to  each  set  on  each  frame  independently  of 
allocstions  on  previous  frames.  There  is  essentially  no  difference  in 
perception  between  the  two  conditions.  (Data  for  subject  SDT). 

EIGJSE.S:  The  percentaae  of  reports  of  unidirection  coherent  flow  in 
'.he  upward  direction  as  a  function  of  the  ranae  in  dearees  of  a  uniform 
distribution  of  directions  deleted  from  the  center  of  a  uniform 
d 1 st r ibut 1 cn .  The  distribution*  before  deletion*  covered  190  dearees. 
(Data  for  subject  SDT). 
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General  Introduction 

The  nature  of  the  sensation  of  motion  has  been  debated 
since  at  least  Che  time  of  Zeno  whose  mathematical  paradoxes 
have  taken  centuries  to  tame*  Zeno's  assertions  on  motion 
perception  are  still  Interesting.  Specifically,  he  suggested 
Chat  objects  are  detected  In  different  places  at  different 
times;  memory,  bridging  Che  gap  of  time,  connects  Che  objects 
of  past  and  present  by  Inferring  motion  to  -.resolve  their 
spatial  discrepancy.  Some  light  was  shed  on  Che  subject  by 
demonstrations  In  the  late  l'9ch  century  ( Exner ,  1 87  5 ) ; 
adjacent  electrical  sparks  could  give  rise  to  a  sensation  of 
motion  even  though  they  occurred  so  close  In  time  that  their 
order  could  not  be  reliably  reported.  Clearly,  memory  could 
not  have  any  role  In  the  sensation  of  motion  here,  or  could 
It?  The  argument  assumes  a  view  of  how  the  mind  operates 
that  Is  different  from  chat  prevalent  today.  Now,  It  Is 
certain  that  when  past  events  Influence  present  ones  In  an 
orderly  fashion,  Chen  something  analogous  to  a  memory  Is 
operating,  even  If  It  Is  not  available  for  Introspective 
Interrogation. 

The  phenomenon  described  by  Exner,  In  which  two 
stimuli  presented  in  succession  give  rise  to  a  sensation  of 
motion  from  the  first  to  the  second.  has  become  known  as 
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apparent  motion  (AM).  This  Is  to  be  distinguished  from 
"real"  motion  In  which  the  stimulus  follows  a  continuous 
path.  Apparent  motion  is  amenable  to  a  remarkable  variety  of 
experimental  manipulations,  many  of  which  have  been  done  by 
now.  One  of  the  largest  and  earliest  contributions  to  this 
literature  Is  the  work  of  Wertheimer.  Considered  a  seminal 
paper  In  Gestalt  psychology,  Wertheimer's  (1912)  article 
opened  up  the  questions  of  limits  on  spatial  separation, 
timing,  duration  and  Intensity  necessary  for  the  production 
of  this  Illusory  motion.  Gestalt  psychology  realized  the 
value  of  such  1 1 luslons--that  they  are  not  so  much  defects  as 
logical  consequences  of  the  underlying  rules  employed  by  the 
perceptual  systems,  and  as  such  offer  the  opportunity  to 
discover  those  rules. 

In  regard  to  apparent  motion,  one  of  the  key  Issues  of 
Interest  to  these  psychologists  was  that  of  phenomenal 
Identity.  Without  the  continuity  provided  by  real  motion, 
the  objects  In  the  two  frames  of  an  apparent  motion  display 
are  somehow  matched,  or  Identified  as  a  single  object  In 
motion.  This  Identification  task  has  come  to  be  known  as  the 
"correspondence  problem."  In  displays  consisting  of  single 
fla.8hes  of  light,  this  would  hardly  seem  to  be  a  problem;  but 
the  Gestalt  psychologists  were  adept  at  designing  more 
ambiguous  displays,  which  were  nonetheless  readily  perceived 
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An  example  where  the  correspondence  problem  Is  really 
more  of  a  problem  Is  the  display  of  Ternus  (1926).  Fig  1 
sliows  the  two  frames  of  this  display,  the  first  on  the  top 
and  the  second  on  the  bottom.  When  presented  In  alternation 
at  the  appropriate  rate,  the  two  dots  appear  to  move  as  a 
group,  although  the  central  dot  actually  never  changes 
position.  According  to  the  Gestalt  thinkers,  the  fact  that 
this  result  would  not  have  been  predicted  by  observing  either 
pair  of  dots  In  Isolation  Is  Indicative  of  the  "globallty”  of 
the  correspondence  process.  Observations  such  as  this 
evolved  Into  the  principles  of  Pragnanz  ( Ko f f ka  ,  1 93 5  )  , 
stating  essentially  that,  within  the  constraints  of  the 
Information  present,  the  percept  formed  will  maximize  such 
properties  as  symmetry,  simplicity,  regularity  and  so  forth. 

Due  partly  to  the  advances  In  physiological  psychology 
and  to  the  growing  body  of  research  on  "real"  motion, 
speculation  on  apparent  motion  has  grown  Increasingly 
mechanistic.  Divers  researchers  have  realized  the  power  of 
relatively  simple,  physiologically  realizable  local  processes 
to  detect  and  analyse  motion.  The  basic  scheme  Is 
exemplified  by  Barlow  and  Levlck's  (1965)  model  for  the 
directionally  selective  cells  In  the  rabbit  retina  (Fig  2). 
Two  spatially  separated  detectors  (R1  &  R2 )  are  logically 
conjoined  via  an  AND  gate;  one  is  connected  directly  (Rl)  and 
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the  other  Is  connected  via  a  time  delay,  with  Its  sense 
Inverted  (not  R2).  Objects  passing  from  112  to  RI  will  send, 
simultaneously,  signals  “true"  (from  Rl)  and  "false"  (the 
delayed  Inverted  R2)  to  the  AND  gate,  which  will  not  respond. 

Stimuli  moving  the  opposite  direction  do  not  have  this 
Inhibition  problem,  so  the  output  of  the  AND  gate  Is 
effectively  directionally  selective. 

Such  a  scheme  has  the  obvious  advantage  of  explaining 
the  sufficiency  of  discontinuous  stimuli  to  produce  a 
sensation  of  motion.  It  Is  also  amenable  to  modifications 
such  as  replacing  the  time  delay  by  an  element  with  low-pass 
temporal  properties,  or  adding  characteristics  to  explain  the 
course  of  adaptation  or  aftereffects.  Yet,  this  sort  of 
motion  detector  can  only  suffice  at  the  most  primitive  levels 
of  any  working  motion  system;  without  a  rather  sophl si tica ted 
algorithm  to  Interpret  an  ensemble  of  these  simple  units, 
their  outputs  In  response  to  complex  moving  scenes  would  be 
rather  ambiguous.  The  heart  of  the  problem  Is  that  In  order 
to  deduce  motion  from  the  response  of  such  a  detector,  one  Is 
forced  to  make  the  naive  assumption  that  the  two  inputs  were 
stimulated  by  the  very  same  physical  object  on  a  continuous 
path;  this  Is  not  always  a  reliable  assumption.  To  make  the  j 

response  of  a  simple  motion  detector  a  reliable  Indicator  of 
motion  requires  additional  Information  from  other  motion 
detectors,  memory,  etc.  In  other  words,  the  simple  units 
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must  somehow  be  wired  to  solve  the  correspondence  problem. 

A  number  of  explicit  theories  have  been  suggested  for 
accomplishing  this,  notably  the  vector  model  of  Brown  and 
Voth  (1937)  and  more  recently  an  Iterative  model  by  Caelll 
(1980);  all  are  distinguished  by  working  well,  but  only  for  a 
modest  range  of  displays.  Despite  the  failure  to  produce 
quantitatively  useful  models,  some  progress  has  been  made  in 
understanding  the  problem  at  a  higher  level  of  abstraction. 


One  line 

of  progress 

has  been  a 

computat lonal 

theory 

outlining 

the  goa Is  and 

resources  of 

the  system 

and 

some 

o  f 

the  logic 

needed  to  connect  them,  but 

wl  thout 
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to 

particular 

algorl thms . 

An  example  of 

such  an 

approach 

In 

motion  perception  Is  the 

work  of  Oilman  (1979), 

and 

similar 

work  on  other  visual  problems  can  be  found  In  Marr  (1982). 

After  deciding  that  motion  perception  can  be  conceived 
as  a  correspondence  problem,  the  preeminent  remaining  Issue 
Is  what  Is  being  put  In  correspondence.  It  is  on  this  Issue 
that  I  will  present  some  new  empirical  evidence.  One 
suggestion  for  the  domain  of  the  correspondence  process  Is 
raw,  gray-level  data  from  the  Images  ( Ans 1 1 s  ,  1 970 ) .  Two 
frames  of  an  apparent  motion  display  could  be  compared  point 
by  point  (or  perhaps  by  small  "windows"  of  points)  using 
cross-correlation  or  differencing  techniques,  and  the  match 
yielding  the  minimal  error  would  be  the  one  perceived.  As 
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Ullman  points  out,  a  simple  gray-level  match  could  not 
account  for  what  Is  perceived  when  figures  such  as  those  In 
Fig  3.  are  shown.  Fig.  3a  shows  the  Intensity  profile  for 
the  first  and  second  frames  (top  and  bottom);  each  contains  a 
smooth  gradient  and  a  fairly  sharp  edge  (marked  by  a  *  here). 
The  smooth  gradient  In  the  first  frame  Is  In  registration 
with  the  sharp  edge  on  the  second,  and  vice-versa.  A 
correspondence  based  on  gray-levels  alone  will  show  a  maximum 
correlation  centered  on  zero,  l.e.  no  motion  should  occur 
when  these  two  frames  are  alternated.  Human  observers, 
however,  report  motion  between  the  two  sharp  edges. 

The  conclusion  drawn  from  experiments  such  as  the  one 
above  Is  that  some  higher  level  organization  of  the  raw 
Intensity  data  takes  place  prior  to  the  correspondence 
process.  A  good  deal  of  attention  has  been  paid  to  the 
flgural  aspects  of  the  stimuli  In  apparent  motion,  mostly 
with  null  result.  Orlansky  (1940)  made  a  more  or  less 
systematic  Investigation  of  the  correspondence  of  various 
geometrical  figures  shown  In  alternation.  Squares,  circles, 
triangles  were  matched  with  one  another.  Perhaps 
surprisingly,  the  disparate  pairings  produced  good  apparent 
motion;  a  modest  amount  of  selectivity  was  demonstrated, 
however,  by  measuring  the  range  of  1 n t e r s t Imu 1  us  Intervals 
that  would  support  apparent  motion  for  each  pair.  Kolers  and 
Pomerantz  (1971)  performed  a  somewhat  cleaner  version  of 
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essentially  the  same  experiment,  using  the  percent  seen  In 
smooth  motion  as  a  dependent  variable,  and  found  again  almost 
no  effect  due  to  flgural  similarity. 

An  Ingenious  study  by  Navon  (1972)  presented  a  subject 
with  several  possible  paths  on  which  to  see  the  object 
present  In  the  first  frame  to  move  to  In  the  second  frame; 
the  objects  were  different  Hebrew  letters.  Again,  no 
reliable  differences  were  found  to  suggest  that  the  motion 
system  preferred  to  match  like  letters.  A  similar  result  was 
reported  by  Burt  and  Sperling  (1981)  who  also  used  a 
competing  paths  technique  and  simple  geometric  figures.  On 
the  other  hand,  Frlsby  (1972)  has  shown  that  difference  In 
the  orientation  of  line  segments  can  affect  the  likelihood  of 
seeing  apparent  motion.  Ullman  (1980)  provided  corroborating 
evidence  along  with  data  Indicating  that  the  length  of 
vertical  line  segments  also  Influenced  their  correspondence. 
Thus  It  would  seem  that  the  analysis  of  motion  must  precede 
the  organization  of  the  Image  Into  complex  forms,  but 
probably  follows  certain  more  primitive  levels  of  analysis. 

Marr  (1982)  has  divided  visual  organlatlon  Into 
several  hierarchical  levels.  This  hierarchy  starts  with  the 
raw  Intensity  values  present  In  the  Image.  Changes  In  the 
sign  of  the  slope  of  these  Intensity  arrays  are  then  noted  as 
"zero  crossings”.  Zero  crossings  refer  to  places  where  the 
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" non-d  1  rec 1 1  ona  1  ■■  second  derivative,  or  Laplaclan 
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is  zero.  This  may  seem  like  an  unlikely  operation,  but  it 
does  have  nice  properties  and  .can  Indeed  be  computed  by 
biologically  realistic  hardware.  Consider  that  if  a  Gaussian 
function  were  first  convolved  with  the  image  before  computing 
the  Laplaclan,  it  would  be  mathematically  equivalent  to 
taking  the  Laplaclan  of  the  Gaussian  and  then  convolving  this 
with  the  image.  The  Laplaclan  of  a  Gaussian  is  a  Mexican 
hat-shaped  affair,  very  similar  to  the  difference  of 
Gausslans  curve  (DOG)  shown  in  Fig.  4a.  It  also  looks 
remarkably  like  the  weighting  functions  of  the  receptive 
fields  of  retinal  ganglion  cells  as  described  by 
Enroth-Cugel 1  and  Robson  (1966),  with  an  excitatory  center 
and  an  inhibitory  surround. 

By  using  different  sizes  of  receptive  field,  zero 
crossings  can  be  obtained  at  varying  scales  or  levels  of 
coarseness  (equivalent  to  blurring  the  Image  by  convolving 
with  different  sized  Gausslans).  The  reports  of  these 
zero-crossings  can  then  be  combined  to  form  ,  Marr  suggests, 
the  signals  of  the  next  level  of  the  hierarchy,  the  raw 
primal  sketch.  Items  such  as  bars,  edges  and  blobs  with 
attributes  of  position,  length,  width,  orientation  and 
contrast  are  the  primitives  of  the  raw  primal  sketch.  It  Is 
this  level  that  Marr  explicitly  suggests  forms  the  domain  of 
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the  correspondence  problem  In  motion. 


Ullman,  In  his  book  (1979),  has  elaborated  on  Marr's 
primal  sketch  suggestion,  and  has  provided  some  evidence 
supportive  of  lt>  One  such  piece  of  evidence  Is  a 
demonstration  that  suppposedly  whole  forms  can  be  broken  Into 
simpler  constituents  to  satisfy  the  solution  of  the 
correspondence  problem.  The  "broken  wheel"  demonstration  Is 
a  variation  on  the  well  known  wagon  wheel  effect  seen  In 
motion  pictures  wherein  upon  reaching  a  certain  angular 
velocity  a  spoked  wheel  appears  to  change  direction.  Fig.  S 
shows  such  a  wagon  wheel  In  which  every  other  spoke  Is  broken 
by  having  a  piece  removed  from  Its  center.  By  presenting 
slightly  rotated  versions  of  the  pattern  on  successive 
frames,  the  wheel  will  appear  to  rotate.  The  solid  and 
dotted  lines  In  Fig.  5  show  the  first  and  second  frames  of 
such  a  sequence.  At  a  certain  rate  of  succession  however, 
what  Is  oberved  Is  that  the  wheel  seems  to  split  up  Into 
three  concentric  wheels.  As  Indicated  by  the  arrows,  the 
outermost  and  Inermost  segments  will  appear  to  rotate 
clockwise,  while  the  central  (broken)  segment  will  appear  to 
rotate  In  the  oppposlte  direction;  this  Is  consistent  with 
the  "minimum  distance”  principle  observed  In  many  ambiguous 
AM  displays,  but  Is  surprising  In  that  It  suggests  that,  for 
the  purposes  of  motion  analysis,  a  whole  figure  such  as  the 
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spoke  really  consists  of  a  number  of  component s .[  1  ] 

Experiment  One:  Introduction  &  Methods 

Although  It  has  been  suggested  chat  size  Is  an 
attribute  available  In  the  primal  sketch  and  hence  a 
candidate  for  Influencing  Che  correspondence  process  In 
motion,  evidence  for  this  Is  scant.  As  mentioned  before, 
Ullman  did  look  at  the  effect  of  length  on  vertical  line 
segments  in  horizontal  apparent  motion,  and  noted  that  paths 
pairing  segments  of  equal  length  were  preferred  to  paths 
pairing  segments  of  unequal  length.  Kolers  (1972)  mentioned 
anecdotally  Chat  a  square  figure,  measuring  0.3  deg  of  visual 
angle/side  was  Just  as  likely  to  appear  Co  move  to  a 
like-sized  circle  as  Co  an  Identical  square;  but,  when  all 
figures  were  scaled  up  Co  1  degree,  the  similar  figures 
predominated  in  motion.  Fernberger  (1934)  used  "wide"  and 
"narrow"  bars  (no  dimensions  given)  In  the  Ternus 
configuration  as  shown  In  Fig.  6.  When  the  relative 
positions  of  the  two  sized  bars  remained  the  same  from  first 
to  second  frame,  the  bars  appeared  to  move  as  a  group  Just  as 
Ternus  had  reported  (6a).  When,  however,  the  bars  reversed 


1.  The  minimum  distance  principle  dictates  that  the 
mapping  chosen  minimizes  the  total  distance  moved,  summing 
over  all  Che  Indldual  paths. 


Page  44 


Size  Factors  in  Apparent  Motion 
Experiment  One:  Introduction  and  Methods 

position  so  that  bars  of  the  same  size  occupied  the  central 
position  (Fig.  6b),  the  central  bar  remained  stationary 
while  the  flanking  bars  moved  from  side  to  side.  This 
behaviour  Is  consistent  with  a  size  selective  correspondence 
process . 


If  the  size  Information  available  In  the  raw  primal 
sketch  Is  based  upon  the  responses  of  different  sized 
center-surround  operators,  then  the  simplest  sort  of  size 
difference  would  be  represented  by  the  differential 
stimulation  of  the  various  classes  of  these  size  tuned 
mechanisms.  Wilson  and  Bergen  (1979)  have  suggested  that 
only  four  classes  of  size  tuned  mechanisms  are  necessary  to 
account  for  human  psychophysical  performance  for  patterns 
concentrated  below  16  c/d.  Their  conclusions  are  based  on 
threshold  data  for  various  patterns  that  Is  consistent  with  a 
small  number  of  broadly  tuned  (bandwldths  between  1  and  2 
octaves)  detectors  and  certain  assumptions  about  their  joint 
probability  distribution.  While  the  number  of  such  classes, 
and  even  whether  there  Is  a  finite  number,  are  still  highly 
debatable  topics,  there  Is  a  vast  pool  of  evidence  pointing 
to  size  tuned  mechanisms.  Besides  the  detection  data  of 
Wilson  and  others,  studies  of  adaptation  (Williams,  Wilson  & 
Cowan,  1982)  and  visual  masking  (Mostafavl  and  Sakr 1  son ,  1 976 ) 
draw  similar  conclusions. 
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The  Ideal  stimulus,  then,  would  be  both  localized  and 
band-limited  In  spatial  frequency.  In  this  context,  to  be 
localized  means  that  the  stimulus  will  occupy  a  finite  area 
on  our  display  screen--its  place  will  be  unambiguous.  To  be 
band-limited  In  spatial  frequency  space  means  that  If  we  were 
to  decompose  the  stimulus  Into  a  sum  of  sine  and  cosine  waves 
of  different  frequencies  and  amplitudes  via  Fourier  analysis, 
then  above  a  certain  frequency  the  amplitudes  would  decrease 
monotonlcal ly  and  likewise,  below  a  certain  frequency  the 
amplitudes  would  also  decrease  monotonlcal ly . 

Although  many  classes  of  functions  could  be  devised  to 
fulfill  these  requirements,  the  obvious  choice  Is  a 
difference  of  two  Gausslans  (DOG).  This  pattern  was  used  by 
Wilson  and  Bergen  In  the  formulation  of  their  model.  With 
the  parameters  as  shown  In  Eqn.  1  the  DOG  has  a  1.8  octave 
ha  1 f -ampl 1 1 ud e  full  bandwidth.  A  typical  DOG  and  Its  Fourier 
transform  have  been  plotted  In  Figs.  4a  and  4b. 

(1)  DOG(x)  =  3exp(-x2/a2)  -  2exp(-x^/2 . 25a^) 

The  center  frequency  of  the  DOG  depends  on  the  dispersion 
parameter,  sigma.  This  frequency  can  be  shown  to  be 
Inversely  proportional  to  sigma.  Casual  reference  following 
to  the  "frequency"  of  a  DOG  will  actually  refer  to  DOGs  of 
the  form  In  Eqn.  1  whose  Fourier  transforms  are  centered  at 
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the  specified  frequency.  DOOs  centered  at  lower  spatial 
frequencies  will  he  larger  than  those  centered  at  higher 
spatial  frequencies. 

The  most  straightforward  way  to  test  whether  the  size 
information  Is  used  In  the  correspondence  process  for  motion 
perception  is  to  present  pairs  of  DOCs  of  different  sizes  In 
a  situation  known  to  produce  apparent  motion  between  two 
Identical  objects.  If  observers  report  motion  more 
frequently  between  similar  DOCs  than  between  dissimilar  DOCs, 
then  we  would  have  some  evidence  indicating  that  this  sort  of 
size  information  Is  used  In  the  analysis  of  motion.  If,  on 
the  contrary,  observers  show  little  distinction  between 
different  sized  pairs  and  same  sized  pairs,  (as  Kolers' 
subjects  failed  to  do  for  different  geometrical  figures), 
then  we  might  conclude  that  size  as  defined  In  this  fashion 
Is  not  of  primary  Importance  In  developing  a  correspondence. 
This  Is  the  essential  rationale  for  the  first  of  two 
experiments  to  be  presented  here. 

The  factor  of  Interest  In  this  and  in  the  subsequent 
experiment  is  the  spatial  dispersion,  sigma,  of  the  stimulus. 
It  Is  Important  to  rule  out  other  factors  that  may  also 
covary  with  sigma.  The  total  area  above  zero  (where  zero 
represents  tlie  mean  luminance)  Is  equal  to  the  total  area 
below  zero  for  all  DOCs  defined  as  in  F.qn.  1, 


so  the  mean 
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luminance  will  not  chanp.e  with  slj;ma.  The  issues  of  contrast 
and  total  energy  are  not  as  simple.  The  contrast  or 
modulation  level  of  a  sine  wave  Is  fairly  straightforward  to 
find  because  its  amplitude  is  symmetric  about  Che  mean.  Its 
contrast  is  commonly  expressed  as  Che  difference  beCween  Che 
maximum  and  minimum  luminance  levels  (Lmax  &  Lmln)  divided  by 
cheir  sum . 

(2)  ConCrasC  ■  (Lmax  -  Lmln)/(Lmax  +  Lmln) 

As  you  can  see,  contrast  ranges  over  the  closed  interval 
fO,l).  With  functions  that  don't  show  the  symmetry  across 
the  x-axis  that  sine  waves  do,  the  definition  of  contrast 
will  inevitably  be  somewhat  arbitrary.  The  definition  which 
Wilson  and  Rergen  used  is  the  maximum  luminance  minus  the 
mean  luminance  (Lmean)  all  divided  by  the  mean  luminance, 

(3)  Contrast  •  (Lmax  -  Lmean )/( Lmean ) . 

This  function  also  ranges  over  fO,!]  and,  you  can  see  chat  It 
is  equivalent  to  (2)  when  applied  to  sine  waves. 

The  formulae  above  were  derived  from  mathematical 
considerations  and  not  psychophysical  ones.  It  Is  not  a 
priori  certain  Chat  patterns  with  the  same  calculated 
contrast  will  appear  to  have  equal  contrast  to  observers.  No 
published  reports  are  available  on  the  su pra t hr esho 1 d 
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apparent  contrast  of  DOfis ,  and  how  this  may  vary,  If  at  all, 
with  their  center  frequency.  Ceorgeson  and  Sullivan  (1975) 
carried  out  extensive  experiments  on  the  apparent  contrast  of 
sine  waves  of  different  frequency  and  bars  of  different 
width.  The  overriding  conclusion  of  their  work  Is  that  the 
visual  system  shows  remarkable  contrast  constancy  over  the 
different  sizes;  subjective  contrast  matches  between  sine 
waves  of  different  frequency  or  lines  of  different  width  were 
very  nearly  veridical.  This  constancy  proved  to  be  largely 
Independent  of  luminance  and  position  on  the  retina.  The 
robustness  of  contrast  constancy  Invites  the  conclusion  that 
different  sized  DOOs  of  the  same  calculated  contrast  will 
share  the  same  apparent  contrast.  To  be  certain  that 
Ceorgeson  and  Sullivan's  results  would  generalize  to  DOCs 
under  the  conditions  of  brief  presentation  to  be  used  In  the 
apparent  motion  display,  some  exploratory  data  was  collected. 


.'V 

14 


Observers  viewed  blnocularly  the  nne'd 1  mens  1 ona 1 
vertical  DOG  patterns  on  a  Tektronix  b06A  cathode  ray  tube 
from  a  distance  of  one  meter.  At  this  distance,  the  screen 
subtended  6  degrees  of  visual  angle.  Patterns  were  generated 
by  streaming  luminance  data  from  a  digital  computer;  the 
visible  part  of  each  frame  was  composed  of  1100  lines,  each 
assigned  Its  own  luminance  value  from  the  computer's  memory. 
The  frame  rate  was  60  per  second.  Contrast  levels  could  be 
varied  uniformly  over  the  entire  screen  by  an  analog 
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multiplier,  also  under  control  of  the  computer.  A  block 
dlaj*ram  of  the  system  with  all  parameters  Is  shown  In 
Appendix  1 . 

The  mean  luminance  of  the  screen  was  kept  at  12.3 
candelas  throughout;  contrast  could  be  varied  from  0.0  to 
0.44  while  remaining  well  within  the  linear  range  of  the 
system.  Observers  were  presented  with  a  series  of  trials, 
each  starting  with  a  single  frame  (16.7  ms.)  presentation  of 
a  particular  HOC,  a  1  second  period  of  a  uniform  screen  at 
mean  luminance,  and  finally  the  single  frame  presentation  of 
another  DOG  of  a  different  size.  The  one  second  delay 
between  presentations  was  employed  to  minimize  masking 
effects.  The  subject  was  asked  to  Indicate  by  pressing  a 
lever  which  DOG  had  the  greater  contrast.  The  first  DOG 
maintained  a  standard  contrast  throughout  a  session,  while 
the  contrast  of  the  second  DOG  varied  from  trial  to  trial 
with  subject  responses  according  to  a  staircase  procedure 
(Wetherill  4  Levitt,  1965).  The  staircase  used  was  designed 
to  track  the  point  at  which  the  subject  was  just  as  likely  to 
pick  one  DOG  as  the  other  (50Z).  Initial  changes  In  the 
contrast  of  the  second  DOG  were  made  In  1.5  dH  steps.  After 
a  certain  number  of  trials  were  accumulated,  the  step  size 
was  halved,  and  later  halved  again.  Each  staircase  preceded 
until  16  reversals  (changes  In  the  rank  order  of  the  two 
stimuli)  were  obtained  at  the  smallest  staircase  stepslze 
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(0.38  dB).  In  fact,  two  Independent  staircases  were  randomly 
Interwoven  for  each  stimulus  pair  as  a  check  on  convergence. 
The  levels  at  which  the  last  ten  reversals  occurred  were  then 
averaged  to  estimate  the  point  of  subjective  equality.  The 
record  of  a  typical  staircase  Is  shown  In  Fig.  7.  DOCs 
centered  at  1/2,  1,  2,  and  A  cycles/degree  were  taken  two  at 
a  time  to  form  all  six  unique  pairs.  Two  observers. 
Including  the  author,  were  recruited  for  testing  on  each 
condition. 

Results  for  the  contrast  matching  sessions  are  shown 
in  Figs.  8a-f  In  most  cases,  a  single  regression  line,  shown 
dashed,  was  found  to  provide  an  excellent  fit  to  the  data. 
Regression  parameters  are  shown  at  the  top  of  each  figure. 
Almost  all  of  the  bes t- f 1 t t 1 ng  lines  have  slopes  close  to  one 
and  Intercepts  close  to  zero.  The  sample  standard  deviation 
associated  with  nearly  every  point  In  Fig*  B  Is 
approximately  0.11  log  units,  (about  IdB),  putting  the 
majority  of  points  within  one  S.D.  of  a  veridical  match.  In 
a  number  of  cases,  there  apppear  to  be  small,  consistent 
shifts,  favouring  one  DOC  or  another.  Subject  D.W.  In  Fig- 
8a  and  subject  S.H.  In  Fig.  8f  are  the  most  prominent 
examples  of  this.  However,  neither  effect  Is  borne  out  by 
the  other  subject  under  the  same  conditions.  It  Is  not  known 
at  this  time  whether  these  data  represent  real  Individual 


differences  or  systematic  measurement  error. 


At  thresholds 
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for  detection,  (which  are  Just  below  the  lowest  contrasts 
measured  here),  there  is  known  to  be  a  10:1  difference  in  the 
just  detectable  contrasts  of  the  two  extremes  In  frequency, 
1/2  and  4  c/d  (Wilson  and  Be rgen , 1 9 7 9 ) .  In  light  of  this.  It 
was  decided  to  keep  the  contrast  of  all  DOCs  fixed  at  the 
highest  feasible  contrast  for  the  subsequent  motion  studies. 

y 

Contrast  as  defined  in  Cqn.  (3)  depends  on  the  peak 
and  mean  luminances;  the  DOCs  of  Eqn.(l)  all  have  the  same 
mean  (zero)  and  all  peak  at  1.0  (when  x^O),  so  as  defined, 
they  all  have  the  same  contrast.  It  has  been  suggested  that 
the  total  energy  of  a  figure  is  a  factor  in  the 
correspondence  process  (Burt  and  Spe r 1 1 ng , 1 98 1 )  .  The  total 
energy  in  a  waveform  is  proportional  to  the  Integral  of  the 
square  of  its  amplitude,  which  for  DOCs  makes  it  proportional 
to  sigma.  It  would  be  possible  to  match  the  different  sized 
DOCs  for  total  energy,  but  at  the  cost  of  mismatching  their 
contrasts.  As  a  check  on  the  possible  effects  of  total 
energy  differences  as  opposed  to  spatial  dispersion  of  that 
energy  (size)  it  was  decided  to  run  some  "energy-matched" 
probe  trials.  If  the  correspondence  process  discriminates  on 
the  basis  of  size,  then  pairs  of  DOCs  differing  substantially 
in  size  should  show  the  most  pronounced  effect.  Therefore 
the  pairs  (1/2  -  2)  and  (I  -  4)  were  altered  so  that  the  1/2 
c/d  DOG  had  the  same  total  energy  as  the  2  c/d  DOG  and  the 
Ic/d  DOG  had  the  same  total  energy  as  the  4  c/d  DOC.  Should 
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differences  In  the  likelihood  of  seeing  motion  In  the  (2  -  2) 
pair  versus  the  (1/2  -  2)  pair  be  attributable  to  only  to  the 
total  energy  discrepancy,  no  difference  should  be  observed  In 
between  (2-2)  and  the  energy-matched  (1/2-2)  pair. 

The  percentage  of  trials  on  which  motion  between  the 
two  figures  Is  seen  Is  the  only  dependent  variable  in  the 
first  study;  although  It  Is  perhaps  the  most  common  dependent 
variable  In  simple  apparent  motion  studies  of  this  sort.  It 
Is  also  susceptible  to  factors  that  are  not  of  special 
Interest,  particularly  shifts  In  subject  criterion.  Several 
stratagems  have  been  adopted  to  help  stabilize  the  results. 
Instead  of  asking  the  subject  to  decide  after  a  single  pair 
of  frames,  the  two  DOCs  were  shown  In  alternation  for  0 
complete  cycles;  under  optimal  conditions,  an  object  will 
appear  to  oscillate  to  and  fro  when  presented  In  this  manner. 
Deciding  whether  the  figure  moves  consistently  for  the  0 
cycles  seems  to  be  subjectively  easier  for  subjects.  Other 
authors  have  employed  this  cycling  technique  with  success 
(e.g.  Pantle  &  Plcclano,  1*176). 

A  second  regimen  employed  for  the  stabilization  of 
results  was  randomization  of  the  stimulus  pairs.  The  four 
different  sizes  combined  to  make  16  different  pairs. 
Ideally,  all  16  pairs  would  he  randomly  distributed  over  the 
entire  period  of  a  subject's  participation.  Practical 
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limitations  on  the  subject's  time  and  on  the  ability  to 
retrieve  waveforms  rapidly  from  the  computer's  storage 
allowed  only  a  modest  approximation  of  complete 
randomization.  Stimuli  from  the  Ih  pairs  of  DOCs  mentioned 
plus  the  two  energy-matched  probes  were  chosen  6  at  a  time 
without  replacement.  Each  group  of  6  was  randomly  permuted, 
presented  to  the  subject,  shuffled  again,  etc.  to  accumulate 
10  trials  for  each  of  the  six  pairs.  (The  process  continued 
until  all  of  the  pairs  were  chosen.) 

A  final  step  to  Improve  the  quality  of  our  estimates 
Is  a  most  traditional  one:  run  more  trials.  The 
randomization  procedures  described  above  were  repeated  4 
times  for  each  subject.  Using  a  different  random  sequence 
for  each  occasion  assured  that  each  pair  of  DOCs  was  seen  in 
four  different  contexts.  If  being  tested  in  a  particular 
random  group  of  6  had  an  effect  on  reports,  we  would  expect 
it  to  be  neutralized  hy  averaging  over  other  random  contexts. 
The  total  exposure  for  each  pair  thus  comes  to  40  separate 
trials. 


A  further  factor  that  Is  known  to  affect  thi- 
likelihood  of  reporting  apparent  motion  Is  the  1 n t e r s 1 1  mu  1  us 
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time  between  the  end  of  one  cycle  and  the  beginning  of  the 
next.  This  time  parameter  Is  known  to  affect  the  perception 
of  apparent  motion  In  the  same  fashion  as  spatial  separation 
(Burt  and  Sperling,  1981;  Caelll,  1981;  Morgan ,  1 980 )  .  Rather 
than  try  to  execute  a  very  lengthy  full  factorial  design,  I 
decided  to  postpone  manipulation  of  the  distance  parameter 
for  a  future  study.  Instead,  three  different  ISIs  were 
selected  on  the  basis  of  published  reports  (Ko 1 e r s  ,  1  97 2  )  and 
preliminary  observations,  67,100  and  133  ms.  These  ISIs  were 
likely  to  span  unknown  optimal  ISI  with  the  distance  traveled 
fixed  at  1  degree. 

The  apparatus  used  for  the  presentation  of  the 
patterns  Is  the  same  as  described  for  the  contrast  matching 
study.  One  DOC  In  each  pair  was  presented  on  the  line  of 
fixation,  while  the  other  was  centered  one  degree  to  the 
right.  Subjects  were  asked  to  fixate  on  the  central  marker 
and  press  a  button  to  start  the  display  when  ready.  If  the 
display  appeared  "to  oscillate  from  left  to  right  and  back 
for  most  of  the  duration  of  the  show",  subjects  were  asked  to 
Indicate  so  by  pressing  a  button;  another  button  was  reserved 
for  all  other  caries,  such  as  no  motion  or  sporadic  motion. 
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Four  subjects,  Includinf'  the  author,  completed  the 
regimen  described  above  at  each  of  the  tlirec  ISIs.  Three  of 
the  subjects  were  naive  to  the  purposes  of  the  study, 
although  all  had  participated  in  other  studies  of  visual 
perception.  Sessions  were  limited  to  approximately  an  hour 
to  avoid  undue  fatigue.  Subjects  finished  the  entire  program 
In  about  2  wei!ks.  The  Importance  of  careful  fixation  during 
presentation  was  stressed  to  subjects;  eye  movements  can  have 
effects  on  the  appearance  of  apparent  motion  displays.  Two 
of  the  subjects  were  emmotropes;  the  other  two  were  fitted 
with  corrections  for  myopia  during  all  runs. 
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Experiment  One:  Results  end  Analysis 


The  percenta(>es  of  trials  on  which  subjects  reported 
motion  are  plotted  In  Pigs.  10-13  for  the  four  subjects 
respectively.  Each  graph  within  a  given  figure  represents 
the  results  for  all  pairs  of  DOCs  with  a  particular  size  DOG 
shown  on  fixation.  So  each  panel  of  Fig.  10  shows  data  for 
subject  S.A.H.  at  a  particular  center  DOC  with  the  frequency 
of  the  off-flxatlon  DOC  plotted  along  the  abscissa.  The 
filled  figures  ( c  1  rc 1 e , squa re  and  triangle),  represent  points 
for  the  three  different  ISIs:  67,  100  &  133ms.  respectively. 
Compiled  data  Is  shown  In  Appendix  2. 

The  reader  may  have  noted  that  two  percentages  have 
have  been  plotted  for  every  size  pairing  of  DOGs ,  (A,B):  one 
with  A  on  fixation  (A-B),  and  one  with  B  on  fixation  (B-A). 
It  Is  also  true  that  the  data  could  be  replotted  with  the 
frequency  of  the  fixated  DOC  along  the  abscissa  Instead  of 
the  frequency  of  the  off-flxatlon  DOG,  as  It  Is  shown  now. 
There  Is  little  evidence  In  this  data  that  the  fixation  of 
one  or  the  other  member  of  a  pair  makes  a  difference  In  the 
likelihood  of  seeing  motion  between  them.  This  Is  consistent 
with  the  results  of  Kolers  (1977).  The  data  for  subject  S.T. 
In  the  100ms  ISI  condition  has  been  plotted  both  ways  In  Fig. 
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14  for  comparison;  dotted  lines  represent  data  with  the 
center  frequency  on  the  abscissa,  while  represent  data  with 
the  off-flxatlon  frequency  on  the  abscissa  as  In  Fig.  12. 
The  two  most  notable  exceptions  are  the  (1/2 — 1)  pairs  of 
subjects  S.H.  and  A.S.  The  percentages  for  the  1/2 
on-flxatlon  pair  and  the  complementary  pair  (1/2 
off-flxatlon)  percentages  for  these  two  subjects  are  plotted 
In  Fig.  15.  The  differences  are  unexpectedly  large  for  both 
subjects.  It  Is  also  true  that  the  discrepancies  are  In 
opposite  directions  for  the  two  subjects;  S.H.  Is  more 
nicely  to  see  motion  with  the  larger  DOC  oiii  fixation,  while 
A.S.  is  more  likely  to  see  motion  with  It  off  fixation.  The 
fact  that  these  discrepancies  are  In  opposite  directions  and 
that  the  other  two  subjects  fall  to  show  such  differences, 
relegates  this  effect  to  the  status  of  a  curiosity  until  a 
much  larger  number  of  subjects  have  been  run.  This  Is  not, 
however,  the  most  interesting  feature  of  the  data. 

The  Intriguing  aspect  of  the  data  In  Figs.  10-13  Is 
the  preference  shown  for  movement  between  like-sized  DOCs. 
This  may  be  made  more  obvious  by  averaging  the  results  over 
the  four  subjects.  Since  the  question  of  flxatlonal  symmetry 
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difference  Is  zero,  and  falls  off  monotonlcally  elsewhere. 
The  preferences  for  (1-1)  over  (1-2)  and  for  (2-2)  over  (2-1) 
are  both  modest,  but  slp.nlflcant  at  the  .05  level  using 
Wllcoxon's  test  for  matched  samples  (T“14,n“12).  This 
preference  for  like-sized  OOCs  Is  consistent  with  the  notion 
advanced  earlier  that  size  Information  is  pertinent  to  the 
correspondence  process. 

The  probe  trials  that  were  energy  matched  Instead  of 
contrast  matched  are  shown  as  open  symbols  on  Figs.  10-13; 
the  same  TSI  legend  as  used  on  the  filled  symbols  pertains. 
The  energy-matched  DOC  pairs  are  (1/2-2)  and  (1-A)  as 
mentioned  earlier.  The  total  energy  hypothesis  would  have 
that  equalizing  the  total  energy  would  render  (1/2-2) 
equivalent  to  the  (2-2)  pair  In  sponsoring  motion,  and 
similarly  equate  the  (1-A)  pair  to  the  (A-A)  pair.  A  quick 
glance  at  the  data  will  reveal  that  this  position  Is 
untenable.  While  the  (2-2)  and  (A-A)  pairs  generate  motion 
reports  nearly  100%  of  the  time,  the  energy  matched  pairs  are 
as  depressed  as  their  contrast  matched  equivalents.  The 
single  exception  is  the  (1-A)  energy  matclied  pair  at  I33ms 
ISI  for  subject  T.R.;  at  100%,  It  fulfills  the  predictions  of 
the  total  energy  hypothesis;  but,  as  a  single  point  It  holds 
little  weight.  Although  energy  factors  may  play  some  role  In 
the  correspondence  process,  they  are  not  sufficient  to 


explain  the  effects  demonstrated  here 
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The  question  of  ISI  effects  In  these  data  Is  somewhat 
more  difficult  to  answer.  At  first  glance  (Fig.  16)  they 
would  appear  to  he  negligible.  Indeed  they  are  modest,  but 
there  Is  some  orderliness  to  their  variation.  Consider  the 
longest  ISI  (I33ms, triangle)  and  the  shortest  ISI 
( 6 7ms . , c 1 r c 1 e ) .  It  appears  that  where  lower  frequencies  are 
Involved,  both  on  and  off  fixation,  the  circles  dominate  the 
triangles;  and,  conversely,  where  higher  frequencies  are 
Involved,  the  triangles  dominate  the  circles.  There  are 
exceptions,  of  course.  This  sort  of  categorical  interaction 
is  difficult  to  quantify  without  embracing  dubious 
assumptions.  I  will  present  a  scheme  that  will  hopefully  be 
Intuitively  pleasing  despite  being  somewhat  arbitrary.  The 
key  to  the  scheme  is  to  code  each  pair  of  OOCs  by  the  sum  of 
their  frequencies;  Instead  of  using  actual  centre 
frequencies,  the  four  values  have  been  Integerlzed  (by  taking 
1  plus  log  base  2  of  the  frequency  )  to  the  values  0  through 
3  for  1/2  through  U  respectively.  The  difference  between 
percent  seen  at  the  shortest  ISI  and  percent  seen  at  the 
longest  ISI  ( c  1  r c  1  es- 1 r 1 ang 1 es )  will  then  hopefully  he 
predicted  hy  the  sum  of  the  coded  frequencies.  Fig.  17 
shows  a  scattergram  with  these  sixteen  points  from  the 
composite  data  of  Fig.  16.  On  the  vertical  axis  Is  the 
difference  In  percentage  seen  at  the  shortest  ISI  and  the 
longest  ISI;  on  the  horizontal  axis  Is  sum  of  the  coded 
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frequencies  for  each  DOC  in  the  pair.  The  visible  tendency 
of  the  points  to  cluster  around  a  line  of  negative  slope 
suggests  that  the  frequency  codes  are  not  such  bad 
predictors.  A  rank  order  correlation  coefficient,  Kendall's 
tau,  for  this  set  Is  -0.78,  a  significant  value  at  the  0.01 
level. 

This  can  he  seen  as  partial  confirmation  of  the 
observation  that  at  the  shortest  ISI  the  pairs  with  larger 
noCs  were  more  likely  to  be  seen  In  motion  than  pairs  with 
smaller  noCs  ,  while  at  the  longest  ISI,  the  Inverse  relation 
holds.  It  Is  possible  that  this  reflects  differing  temporal 
properties  of  simple  motion  detecting  units  tuned  to 
different  sizes.  The  slope  of  Fig.  17  would.  In  this  view. 
Indicate  that  mechanisms  arranging  the  correspondence  of 
smaller  DQGs  had  a  longer  time  constant  than  those  reponslble 
for  the  correspondence  of  larger  DOCs.  Given  the  small 
absolute  magnitude  of  the  observed  effect,  these  speculations 
must  await  a  more  thorough  '^inlpulatlon  of  stimulus  timing 
before  being  seriously  considered. 
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ExperioenC  Two:  Introduction  &  Methods 

The  evidence  presented  so  far  su;>eests  that  the  closer 
DOCs  are  in  size  the  more  likely  they  are  to  be  seen  In 
apparent  motion.  The  tentative  explanation  is  that  whatever 
mechanism  Is  responsible  for  developlnp,  the  correspondence 
for  motion  perception  uses  size  Information  to  help  determine 
whether  objects  should  he  connected  In  motion.  Ullman  (1979) 
has  su(>Rested  that  the  various  attributes  of  object  pairs 
such  as  colors,  orientation,  size,  spatial  and  temporal 
displacement  are  somehow  a(>gregated  In  a  single  metric, 
dubbed  "affinity”.  This  Is  taken  as  an  Index  of  goodness  of 
fit  between  any  pair  of  primitives  of  the  correspondence 
process.  The  affinity  of  a  given  pair  docs  not  take  Into 
regard  the  other  possible  pairs  that  either  of  Its  members 
may  participate  In.  Rather,  It  reflects  that  pair's  quality 
In  Isolation.  Affinity  is  an  aggregate  In  the  sense  that 
changes  made  In  one  attribute  of  the  pair,  say  distance,  can 
be  made  up  for  by  changes  In  another  attribute,  say  ISI.  The 
experimental  results  obtained  here  would.  In  this  view, 
reflect  changes  In  the  affinity  of  pairs  due  to  size 
d 1  sc  repancy . 
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In  complex  moving  scenes,  the  affinity  associated  with 
a  given  pair  Is  not  the  only  thing  that  determines  whether 
that  pair  is  ultimately  seen  in  motion.  In  all  but  the 
simplest  cases,  a  single  primitive  element  may  participate  in 
many  pairs;  it  is  the  correspondence  process  that  must  decide 
which  of  the  many  possible  mappings  will  he  selected. 
Ullman's  thesis  is  basically  that  the  mapping  which  globally 
maximizes  affinity  is  selected.  Various  constraints  on  the 
process  are  built-in,  according  to  Ullman's  scheme,  such  as  a 
preference  for  mappings  that  are  both  one  to  one  and  onto  as 
opposed  to  those  that  are  merely  one  to  one.  Nonetheless, 
the  raw  materials  of  the  correspondence  process  are  the 
affinities  of  the  pairs. 


If  the  measurements  with  isolated  pairs  of  DOGs ,  made 


I n  Experiment 

One , 

do  Indeed 

reflect 

the 

underlying 

affinities  of 

the 

pairs,  then 

they  may 

be 

useful  in 

predicting  the  results  of  more  complex  displays  using  the 
same  elements.  A  strategy  suggested  by  Ullman  for  examining 
affinity  differences  is  to  pit  two  (or  more)  pairs  directly 
against  each  other.  This  is  the  "competing  paths"  scheme 
mentioned  before.  As  Illustrated  In  Fig.  18,  it  Involves 
the  presentation  of  a  single  object  (A)  in  the  first  frame, 
and  after  a  preset  time,  the  presentation  of  two  flanking 
objects  (B  and  C).  Such  an  arrangement  will  hereafter  be 
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referred  to  as  the  triple,  (B-A-C).  The  two  frames  can,  of 
course,  be  alternated  as  was  done  In  the  previous  experiment. 
Several  different  percepts  might  result  from  such  a  display. 
(A)  might  "split"  and  me  '»  to  both  (B)  and  (C)  .  (A)  might 
move  to  (B)  exclusively  or  (A)  might  move  to  (C)  exclusively. 
Finally,  there  may  be  no  motion  perceived  at  all.  When  the 
spacing  and  timing  are  well  adjusted  and  all  objects  are 
identical,  the  predominant  percept  Is  splitting 
(  Ko  1  e  r  s  ,  1  9  7  2  ;  I' 1 1  ma  n  ,  1  9  7  9  )  .  In  cases  where  the  affinity  of 
one  of  the  pairs,  e.g.  (A-C)  exceeds  that  of  the  other 
(A-B),  It  Is  expected  to  draw  more  reports  of  motion  since 
cases  that  would  have  been  labeled  "splitting"  would  then  be 
(A-C)  alone. 

The  configuration  described  above  Is  the  essence  of 
the  second  experiment  I  have  conducted.  The  objects  (A,B  and 
C)  referred  to  In  Fig.  18  were  drawn  from  the  kennel  of  DOGs 
used  In  the  last  experiment.  All  possible  pairs  had  been 
measured  in  Isolation  previously,  so  It  was  decided  to  follow 
up  by  considering  all  possible  triples  for  this  "3-nOG" 
study;  this  comprises  64  different  triples.  One  ISI  was  used 
throughout,  lOOms,  the  average  value  of  the  three  previously 
employed.  The  ISI  was  not  manipulated  because  of  the  large 
number  of  conditions  already  defined,  and  because  of  Its 
general  Impotence  over  the  range  previously  Investigated. 
The  stimuli  were  arranged  such  that  the  central  nOG  peaked  on 
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fixation,  as  In  the  last  experiment,  and  the  two  flanking 
noCs  peaked  1  degree  of  visual  angle  on  either  side  of 
fixation.  The  two  frames,  central  and  flanking  DOCs , 
alternated  forflcycles. 

This  display  system  Is  as  described  for  the  last 
experiment,  but  two  additional  buttons  were  made  available 
for  subject  responses.  Subjects  were  Instructed  to  press  a 
"Split"  button  If  bo t h  flanking  objects  appeared  to  oscillate 
from  center  to  side  for  most  of  the  duration  of  the  show.  If 
only  one  of  the  flanking  DOCs  satisfied  tills  criterion,  the 
subject  was  to  press  either  a  "Left"  or  "Right"  button 
Indicating  which  side  offered  the  motion.  Finally,  If  no 
consistent  motion  was  observed,  a  "None"  button  was  to  be 
pressed.  Stimulus  presentations  were  randomized  as  before  so 
each  suliject  saw  each  triple  40  times. 

Three  subjects  from  the  previous  experiment  served 
again  In  this  one;  subject  T.B.  was  unable  to  continue,  so 
another  subject  (N.L.)  was  recruited  and  run  on  the  Initial 
experiment,  hut  In  the  lOOms.  ISI  condition  only.  Results 
from  this  catch-up  run  are  shown  In  Appendix  2,  and  are  in 
general  agreement  with  the  data  from  the  other  subjects. 
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Experiment  Two:  Results  and  Analysis 


The  results  from  the  3-DOG  experiment  were  tabulated 
and  are  available  in  Appendix  3.  These  data  are  displayed 
graphically  In  Figs.  19-22.  Each  figure  shows  the  results 
for  all  triples  with  a  particular  size  DOG  at  their  center 
(corresponding  to  object  (A)  In  Fig.  18).  Fig.  19  Is  for 
the  1/2  c/d  centers.  Fig.  20  for  Ic/d  centers.  Fig.  21  for 
2c/d  centers  and  Fig.  22  for  4c/d  centers.  Figure 
subscripts  a..d  Index  subjects  S.H.,  A.S.,  S.T.  and  N.L. 

For  a  given  subject  and  center  frequency,  there  are 
sixteen  Individual  bar  graphs,  arranged  on  a  square  matrix. 
The  vertical  axis  of  the  matrix  Indicates  the  spatial 
frequency  of  the  left-hand  DOG  In  the  triple;  the  horizontal 
axis  of  the  matrix  Indicates  the  frequency  of  the  right-hand 
DOG  In  the  triple.  From  left  to  right  and  top  to  bottom, 
these  axes  range  from  1/2  to  4.  Each  of  the  16  separate  bar 
graphs  shows  three  bars.  The  left~most  bar  Indicates  the 
relative  frequency  (In  percent)  of  the  reports  of  motion 
exclusively  In  the  left-hand  pair.  Similarly  the  right-most 
bar  Indicates  the  frequency  of  reports  of  motion  exclusively 
In  the  right-hand  pair.  The  central  bar  Indicates  the 


percentage  of  reports  Indicating  motion  In  both  pairs 


Page  66 


Size  Factors  In  Apparent  Motion 
Experiment  Two:  Results  and  Analysis 

simultaneously,  l.e.  splitting.  Tic  marks  on  the  vertical 
axes  place  50*  and  1001!.  Since  subjects  are  forced  to  make  a 
response  on  each  trial,  percentages  not  accounted  for  by  the 
three  bars  are  taken  up  by  the  "no  motion”  response  category. 
To  help  In  Identifying  the  triple  associated  with  a 
particular  bar  graph,  the  three  DOG  center  frequencies  In  the 
triple,  (left,  center  and  right),  are  printed  over  tjie  tops 
of  the  bars  from  left  to  right. 

This  plotting  scheme  may  seem  confusing  at  first,  but 
It  does  offer  certain  advantages  over  most  alternatives.  By 
means  of  an  example,  suppose  we  wished  to  know  for  subject 
S.H.  how  well  DOG  pair  (l-l)  did  when  pair  (1-2)  was  offered 
as  an  alternative.  Since  both  pairs  have  a  Ic/d  DOC  on 
fixation,  the  Information  required  will  be  In  the  second 
figure.  Fig. 20.  Subject  S.ll.  Is  represented  In  Flg.ZOa 
The  particular  match  of  pairs  specified  actually  appears 
twice:  (1-1-2)  and  (2-1-1).  The  Indices  will  help  you  find 
them  at  the  second  row  from  the  top  In  the  third  column  and 
in  the  third  row  from  the  top  In  the  second  column 

respectively.  Mirror  Image  triples  like  these  always  lie 
across  the  negative  diagonal  from  each  other.  The  first  bar 
graph  mentioned,  (1-1-2),  shows  that  about  60!?  of  the  time, 
the  subject  reported  seeing  motion  only  between  1  and  1; 
about  30%  of  the  time,  he  reported  seeing  splitting-motion  In 
both  pairs  (1-1)  and  (1-2).  Motion  exclusively  between  1  and 
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2  was  reported  less  than  102  of  the  time.  If  S .  II .  were  an 
Ideal  observer,  the  other  bar  graph  would  he  a  mirror  Image 
of  the  one  already  described.  Actually,  motion  between  1  and 
2  was  reported  less  often  In  the  (2-1-1)  cases.  Motion 
between  1  and  1  was  seen  just  as  frequently  as  In  the  (1-1-2) 
case,  as  though  (1-1)  motion  reports  which  were  Included  In 
the  splitting  category  migrated  to  the  (1-1)  exclusive  camp. 

A  casual  examination  of  the  '‘distribution  of  mass"  on 
Figs.  19-22  will  reveal  some  of  the  grosser  agreements  of 
the  data  with  the  predictions  advanced.  Fig.  19  shows 
results  for  triples  with  1/2  c/d  centers.  As  expected,  most 
of  the  motion  reports  were  issued  along  the  top  and  the  left 
flank,  where  other  large  nOGS  were  present  In  the  triples. 
Curiously,  all  subjects  seemed  to  see  less  motion  when  all 
three  members  of  a  triple  were  1/2  c/d.  This  holds  true 
vacuously  for  subject  N.L.  who  reported  almost  no  motion  at 
all  for  triples  with  1/2  c/d  centers.  (Fig.  19d).  At  the 
other  end  of  the  spectrum,  triples  with  4c/d  DOG  centers 
(Fig.  22)  show  the  converse  effect.  Most  of  the  mass  hugs 
the  bottom  and  right  flank  where  the  smaller  DOGs  are  assured 
to  be  In  the  triples.  Figs.  20  and  21  representing  the  Ic/d 
and  2c/d  center  triples  respectively,  show  mass  distributed 
closer  to  the  center  of  the  matrix,  as  befits  their 


Intermediate  size  status.  If  you  blur  your  eyes,  you  might 
even  see  the  Ic/d  centered  matrix  curving  slightly  to  the 
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upper  left  corner  and  the  2c/d  centered  matrix  curving  to  the 
lower  right  corner. 

In  order  to  check  the  predictions  involved  In  the 
affinity  hypothesis  more  rigorously,  an  Index  of  preference 
needs  to  be  chosen  that  Is  applicable  to  data  from  both 
experiments.  There  are  many  ways  to  define  such  a  measure, 
and  It  Is  not  clear  a  priori  which  should  be  chosen. 
However,  certain  properties  are  desirable:  It  should  be 
continuous  and  well  defined  at  the  boundaries  (where  one  pair 
Is  preferred  completely  to  the  other);  it  should  take  Into 
account  the  magnitude  of  the  indifference  shown  towards  one 
pair  versus  another,  as  expressed  by  splitting  or  null 
reports;  finally,  hypothetical  data  from  both  experiments 
ought  to  cover  the  same  range.  Eqn.  (4)  Is  a  simple  metric 
that  meets  these  requirements.  L  and  R  are  defined  for  the 
3-DOC  study  as  the  percentages  of  reports  of  exclusive  motion 
In  the  left  and  in  the  right  pairs  respectively.  In  the  data 
of  the  original  experiment,  L  and  R  are  defined  as  the 
percentages  of  trials  on  which  motion  was  reported  for  each 
of  the  two  pairs  that  were  joined  In  the  latter  experiment  as 
a  triple. 

(4)  p  -  0.5*(  1  +  (L-R)/100  ) 


Harkening  back  to  the  example  In  Fig.  18,  preference  In  the 
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triple  (B-A-C)  would  be  computed  from  the  3-DOC  data  by  using 
the  percentages  of  left-only  and  right-only  reports  as  L  and 
R  In  Eqn.  (^)«  That  preference  would  be  predicted, 
hopefully,  by  the  percent  seen  in  motion  data  from  the  first 
experiment  for  pair  (A-B)  as  L  and  pair  (A-C)  as  R  .  Both  L 
and  R  are  restricted  to  the  range  [0,100].  If  all  reports  of 
motion  on  a  given  triple,  (B-A-C)  are  left-exclusive,  L  will 
be  100,  R  will  be  zero  and  so  preference  p«l.  If,  on  the 
other  hand,  all  reports  are  exclusively  to  the  right,  L  will 
be  zero,  R  will  be  100  and  so  p»0.  If  L  Is  equal  to  R  ,  then 
p-0.3.  Although  splitting  and  no-motlon  responses  are  not 
explicitly  referenced  In  F,qn.  (^),  they  are  not  without 
effect  on  p  .  If  considerable  percentages  of  reports  are 
either  of  splitting  or  no-motlon  or  both,  the  maximum 
absolute  difference  between  L  and  R  Is  likewise  restricted; 
smaller  differences  will  produce  less  deviation  In  p  from 
0.5. 


The  calculated  preferences  from  both  experiments  are 
tabulated  In  Appendix  A.  A  scattergram  (Fig.  23)  shows  the 
predicted  against  the  observed  preferences  for  the  entire 
collection  of  data  (256  pts  •  Asubjects  *  6A  triples). 
Linear  regression  might  be  foolhardy;  however,  order 
statistics  are  applicable.  Kendall's  tau  Is  0.35  for  this 
data  set.  With  256  points,  this  is  a  highly  significant 
figure  (p<0.01).  The  hypothesis  that  there  Is  only  chance 
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connection  between  the  two  variables  must  be  rejected.  As 
with  other  correlation  coefficients,  however,  a  tau  of  0.35 
Is  not  exactly  a  howling  success,  so  the  question  “Why  wasn't 
It  better?”  is  well  worth  asking. 

First,  there  Is  some  variation  from  subject  to  subject 
In  terms  of  the  value  of  our  predictor.  Table  1  shows  tau 
for  each  of  the  four  subjects,  computed  separately. 

TABLE  I 

Rank  Order  Correlation  of  Preference  by  Subject 


Subject  Ta  u 

S .H.  0.37 

A.S.  0. 58 

S.T.  0.31 

N.L.  0.18 


The  relatively  low  tau  associated  with  subject  N.L.  can  he 
attributed  In  large  part  to  the  extremely  depressed  responses 
for  triples  with  1/2  and  A  c/d  centers.  Table  2  shows  that 
overall,  these  two  extremes  of  center  frequency  showed  the 
highest  correlation,  while  2  c/d  centers  showed  the  lowest. 
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TABLE  2 

Rank  Order  Correlation  of  Preference  hy  Center  Frequency 


Cente r  Fr eg  .  Tan 

1/2  0.60 

1  0. 34 

2  0.12 

4  0.46 


Where  else  do  the  predictions  break  down?  Fig.  20 
(Ic/d  centers)  shows  some  of  the  story.  For  all  subjects  but 
A.S.,  the  triples  (1/2-1-1)  (1/2-1-2)  and  their  Inverses 
generated  reports  inconsistent  with  what  was  expected  from 
the  earlier  behaviour  of  the  pairs  (1-1/2),  (1-1)  and  (1-2). 
In  particular,  it  was  expected  Chat  the  (1-1)  pair  in  the 
(1/2-1-1)  triple  would  be  seen  in  notion  more  often  than  the 
(1-1/2)  pair;  quite  the  contrary  seems  to  be  true  for  these 
subjects.  Similarly  the  (1-2)  pair  was  previously  judged  to 
be  more  consistently  seen  in  motion  than  the  (1-1/2)  pair; 
again  the  (1-1/2)  pair  dominates.  Subject  A.S.  also  showed 
this  order  in  the  3-DOC  data;  her  distinction  is  that  these 
results  are  more  consistent  with  her  performance  in  the  first 
experiment.  A  few  Internal  irregularities  can  also  be 
spotted  in  these  figures.  Moot  notably,  subject  S.H.  seemed 
to  prefer  (1-1/2)  motion  in  triple  (1/2-1-1)  but  (1-1)  motion 
in  triple  (1-1-1/2);  if  he  simply  preferred  seeing  things 
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moving  to  the  left,  this  asymmetry  should  have  asserted 
Itself  elsewhere,  but  this  Is  not  evident. 

When  one  considers  triples  •  with  2c/d  centers  (Fig. 
21),  the  picture  becomes  even  more  confusing.  With  all 
subjects,  a  major  discrepancy  was  the  general  lack  of  motion 
reports  between  (2-4)  pairs  in  six  of  the  seven  triples 
containing  them  (all  but  4-2-4).  But  the  (2-4)  pair 
engendered  motion  reports  quite  reliably  when  shown  in 
isolation.  With  subjects  S.T.  and  A.S.  (Figs.  21b  and  c), 
Che  (2-1/2)  pair  showed  a  curious  strength,  inconsistent  with 
that  demonstrated  in  the  previous  experiment.  (This  is 
evident  in  the  left-most  columns  of  the  two  figures.)  The 


least  explicable 

aspec  t 

of  Che  data  Is  the 

asymmetry 

shown 

In 

Fig  21b 

(subject 

A.S.)  . 

The  pair  (2-1) 

dominates 

1  n 

the 

triple 

(1/2-2-1) 

while 

the  pair  (2-1/2) 

has  the 

edge 

1  n 

symmetrical  triple  (1-2 

-1/2).  The  case  Is 

similar 

for 

Che 

triple 

(1/2-2-2) 

and  Its  mirror  Image  (2 

-2-1/2) : 

(2-2) 

1  s 

preferred  in  the  former  and  (2-1/2)  in  the  latter.  Triples 
(1/2-2-4)  and  (4-2-1/2)  offer  another  example  of  this 
asymmetry.  It  is  difficult  to  explain.  A  flxatlonal  error 
might  alter  the  relative  orders  in  this  manner,  but  any  such 
eccentricity  would  manifest  Itself  on  other  pairs  in  a  like 
manner  since  the  triples  were  randomly  Interwoven.  For 
example,  In  the  same  figure,  the  triples  (1-2-4)  and  (4-2-1) 
ought  to  consist  largely  of  (2-4)  reports  for  the  former  and 
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(2-1)  reports  for  the  latter;  on  the  contrary,  the  (1-2)  pair 
Is  more  frequently  seen  In  motion  In  both  triples. 
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Ignoring  for  a  moment  the  handful  of  Internal 
Inconsistencies  with  the  3-noC  data,  a  conclusion  that  can  be 
drawn  from  reported  motion  In  triples  Is  that  the  perceived 
motion  of  one  pair  Is  not  In  general  Independent  of  the 
perceived  motion  of  the  other.  It  Is  possible  to  look  down 
almost  any  row  or  column  of  the  Figures  19-23  and  observe 
variation  In  the  reports  pertaining  to  the  same  pair.  In 
making  the  predictions  from  the  pairs  In  Isolation,  however. 
Independence  was  Implicitly  assumed.  Motion  In  each  pair  of 
the  triple  was  assumed  to  he  an  independent  random  process 
akin  to  the  toss  of  a  biased  coin.  Each  triple  would  have 
two  such  coins.  To  stretch  the  analogy.  If  one  coin  turns  up 
heads,  and  the  other  tails,  then  motion  would  be  seen  on  one 
side  only.  If  both  coins  turn  up  heads  then  splitting  Is 
reported;  If  both  tosses  produce  tails,  then  no  motion  Is 
reported.  Knowing  how  one  coin  turns  up  on  a  given  pair  of 
tosses  tells  you  nothing  about  how  the  other  will  turn  up. 
Since,  under  our  assumptions,  the  tosses  are  Independent,  the 
expected  preference  depends  only  on  the  biases  of  the  two 
coins;  supposedly  we  could  measure  those  biases  just  as  well 
by  tossing  the  two  coins  separately  a  la  the  first 


experiment.  Clearly  this  Is  not  the  case;  the  nature  of  the 
Interaction  between  the  two  motion  paths  will  have  to  be 
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taken  Into  account  In  order  to  Improve  on  the  predictions  of 
the  first  experiment. 

One  hypothesis  that  has  been  advanced  ( U 1 Iman , 1 9 79 )  to 
explain  the  preference  shown  to  one  pair  or  another  In 
situations  such  as  the  second  experiment  Is  that  of 
competition.  Put  simply.  If  a  given  object  could  follow 
various  different  paths  In  an  ambiguous  situation,  these 
alternatives  will  "compete'*;  the  path  offering  the  best 
overall  features  (e.g.  maximal  affinity,  symmetry)  will  be 
seen  most  frequently  and  at  the  expense  of  the  other  paths. 
This  postulates  that  paths  Interact'  In  a  system  that  on  any 
given  presentation  must  pick  one  path  and  exclude  all  the 
rest.  Many  perceptual  phenomena  are  like  this;  dramatic 
examples  are  the  bistable  Illusions  such  as  the  Necker  cube 
and  the  "My  Wife  and  My  Mother-In-Law"  cartoon  ( Bo r 1 ng , I  9 30 ; 
Attneave,l971). 

There  are  certain  drawbacks  to  the  application  of  this 
Idea  to  the  second  experiment.  The  most  obvious  of  these  Is 
that  the  perception  of  motion  In  the  left  and  right  pairs  Is 
not  strictly  exclusive.  In  some  cases  both  are  perceived  at 
once,  and  In  some  cases  neither  is  perceived.  If  one  path 
were  chosen  to  the  strict  exclusion  of  the  other,  triples 
like  (2-2-2)  ought  to  draw  50Z  left  and  502  right  reports 
Instead  of  1002  splitting.  However,  It  may  be  possible  to 
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sidestep  this  problem  while  preserving  the  notion  of 
competition.  I  will  advance  a  modest  attempt  to  reconcile  the 
pairwise  percent-seen  data  of  the  first  experiment  with  that 
of  the  second  by  means  of  a  modified  competition  scheme. 

The  hypothetical  quantity  which  will  be  the  currency 
of  competition  shall  he  called  ''strength'*  ,  S  .  Every  pair 
(a-b)  of  objects  that  could  potentially  be  seen  In  motion  has 
associated  with  it  a  strength  S(a,b).  Key  to  the  derivation 
of  any  predictions  about  observers'  reports  Is  the  admission 
that  S  Is  a  random  variable.  This  premise  distinguishes 
strength  from  affinity  as  previously  discussed;  the  latter 
quantity  we  may  wish  to  associate  with  some  parameter  of  the 
distribution  of  strength.  The  triples  used  In  the  second 
experiment  can  be  considered  as  hearing  two  such  variables: 


S( a , h)  and 

S(a,c)  . 

Suppose  the  difference  between 

the 

two 

variables 

were  the 

arbiter  of  observers' 

reports. 

If 

the 

absolute  difference 

1  S(a,b)-  S(a,c) 

1 

Is  less 

than 

some 

constant  , 

c,  then  one  of  two  things 

will 

happen. 

If 

both 

strengths 

are  sma  1 1 

,  no  motion  will 

be 

reported  . 

If 

both 

strengths  are  large,  then  splitting  will  be  reported.  If  the 
difference  between  the  two  strengths  Is  greater  than  c,  we 
will  suppose  that  the  pairs  compete  and  the  pair  with  the 
larger  strength  will  alone  be  reported  In  motion.  This  is 
the  essence  of  the  Interpretation  of  competition  that  will  be 
considered.  The  shortcomings  already  apparent  In  the 
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choosing  between  splitting  and  null  responses  I  ask  the 
reader  to  excuse  In  order  that  the  question  of  relating  the 
results  of  the  two  experiments  In  terms  of  preference  alone 
might  he  addressed. 

Ignoring  for  the  moment  the  constant  c  ,  which  we  will 
assume  Is  the  same  for  all  triples,  the  competition  scheme 
described  above  hears  considerable  resemblance  to  Thurstone's 
law  of  comparative  judgement  (1927).  The  law  was  originally 
constructed  to  help  explain  choice  probabilities  In  social 
psychology,  but  was  defined  In  such  generality  that  It  has 
since  been  used  for  problems  as  diverse  as  perception  and 
economics.  The  psychological  variables  that  give  rise  to 
decisions  between  choices  are  dubbed  "d 1  sc r 1  ml na 1  processes” 
In  Thurstone's  work.  The  law  presumes  the  existence  of  means 
U(l),  standard  deviations  s(l)  and  a  correlation  coefficient 
r(i,j)  the  distributions  of  dlscrlmlnal  processes  1  and  J 
In  all  practical  applications,  the  distributions  are  presumed 
to  be  normal,  either  by  nature  or  through  transformation  done 
by  the  experimenter.  The  law  can  then  be  stated  as  : 

(5)  U(1)-U(J  -  z(l,J)V  s2(l)  +  s^(j)  -  2r(l,  j)3(l)s(  J) 


where  r(l,j)  Is  the  standardized  score  corresponding  to  the 
proportion  of  Judgements  observed  where  choice  1  Is  preferred 
to  choice  J  . 
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The 

s  t  a  t  emen  t 

of  the  law  in 

(5) 

is  the  most 

powerful 

form  that 

Thurstone 

cons Idered ; 

1 1 

Is  also  the 

least 

tractable 

in  terms 

of  analysis 

of 

experimental 

data. 

Realizing  this,  Thurstone  specified  four  additional  forms  of 
the  law  (known  as  cases  II  through  V)  each  making  stronger 
assumptions  than  the  last.  The  simplest  and  most  popular 
case  is  V,  which  assumes  that  the  correlation  coefficients 
are  zero  and  that  all  standard  deviations  are  equal.  Case  V 
assumptions  and  analyses  are  very  similar  to  those  commonly 
used  in  signal  detection  theory  (Green  &  Swets,  1966). 

In  the  current  application,  the  dlscrlmlnal  processes 
are  the  strengths  associated  with  each  pair  of  stimuli. 
While  It  may  be  safe  to  assume,  at  least  as  a  first 
approximation,  that  the  strengths  themselves  are 
uncor r e 1  a t cd ,  the  data  suggests  that  the  equal  variance 
assumption  would  he  foolhardy.  Th Is  position  Is  the  one 
outlined  for  Case  III  of  the  law  of  comparative  judgement: 

(6)  U(I)-U(j)  -  z(l,j)  V  3^(0  +  s^(  j) 

With  minor  modifications,  this  form  of  the  law  Is  readily 
amenable  to  application  to  real  data.  In  order  to  estimate 
tlie  parameters  for  each  distribution,  the  data  must  be  in  the 
form  of  probabilities  of  choosing  one  pair  over  another.  The 

I 
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best  guess  we  h.ive  of  such  a  probability  is  the  preference, 
p,  as  previously  defined.  If  our  measurements  of  preference 
contained  no  error,  the  preference  for  an  arbitrary  triple 
(A-R-C)  would  always  be  one  minus  the  the  preference  measured 
for  triple  (C-B-A).  The  fact  that  preferences  for  some 
triples  are  not  exactly  the  complements  of  their  mirror 
Images'  preferences  was  reconciled  by  averaging.  So  if  p“0.9 
for  triple  (2-1-A)  and  p-0.3  for  triple  (4-1-2),  the  former 
was  adjusted  to  0.8  and  the  latter  to  0.2.  The  actual 
estimation  processes  are  fairly  tedious  and  were  carried  out 
with  the  aid  of  a  small  computer.  A  derivation  of  the 
estimators  is  presented  in  Thurstone  (1934)  and  in  condensed 
format  in  Appendix  5.  A  noteworthy  feature  of  the  process  is 
the  use  it  makes  of  approximation;  the  approximations  may  be 
poor  in  data  sets  representing  small  numbers  of  stimuli  or  in 
which  celling  or  floor  effects  are  apparent. 

The  results  of  applying  a  Case  III  analysis  to  the 
data  from  the  second  experiment  are  shown  in  Table  3.  The 
estimates  of  means  and  standard  deviations  are  tabulated  for 
the  four  subjects  organized  by  center  frequency.  The  1/2  and 
4c/d  center  triples  for  subject  N.L.  could  not  be  modelled 
successfuly  in  this  manner,  and  so  are  omitted.  This  had 
been  expected  in  light  of  the  extreme  suppression  of  reponses 


she  exhibited  at  these  two  extremes. 
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Table  3 

Estimated  Stimulus  Distribution  Parameters 


Freq.  Half 


mean  S  .  D  . 
.5  0.94  0.69 

1  0.07  1.43 

2  -.46  1.37 

4  -.55  0.52 


mean  S . D . 
•5  2.47  1.31 

1  0.42  0.54 

2  -1.25  1.19 

4  -1.63  0.96 


mean  S . D . 
.5  1.57  1.16 

1  0.09  0.67 

2  -.75  1.  11 

4  -.91  1.05 


mean  S  .  D  . 

.  5 

1 

2 

4 


On-Flxatlon  DOC 

Frequency 

One 

Two 

Four 

Observer 

S.H. 

me  a  n 

S.D. 

mean 

S.D. 

mean 

S.D. 

1 .0 

1.85 

-.56 

2 .92 

-.24 

0.16 

1 .09 

0.96 

0.63 

0. 54 

-.30 

2.23 

-.23 

0.2  8 

0.57 

0.30 

0.42 

1 . 60 

1  .  83 

0.91 

-.64 

0.24 

0.12 

0.01 

Observer 

S  .T. 

mea  n 

S.D. 

mean 

S.D. 

mean 

S.D. 

1.94 

1 .  54 

0.51 

1 . 2 

-.25 

.35 

0.66 

0.70 

0.74 

0.84 

-.21 

1.06 

-.28 

.57 

0.07 

0.97 

0.43 

2.25 

-2.32 

1.2 

-1.31 

0.99 

0.03 

0.03 

Observe  r 

A.S. 

mean 

S.D. 

mean 

S.D. 

mean 

S.D. 

1.41 

1.02 

0.18 

0.98 

-.50 

0.48 

0.56 

1.08 

0.13 

0.07 

-.31 

1 .35 

-.26 

0.81 

0.05 

2.77 

0.38 

1 .76 

-1.71 

1.09 

-.35 

0.18 

0.43 

0.41 

Observer 

N.l. . 

mean 

S.D. 

mean 

S.D. 

mean  S.D. 

0.22 

2.11 

-.  58 

2.11 

0.57 

0.30 

0.60 

0.4  4 

-.  18 

1.27 

0.40 

1.15 

-.61 

0.32 

-.41 

0.3  1 

'A'l-' 
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Estimates  of  both  parameters  have  a  considerable  range* 
Consulting  Table  3,  means  on  the  psychological  scale  vary 
from  -2.32  to  +2.47;  standard  deviations  vary  from  0.01  to 
2.92.  The  parameters  for  S.II.  for  the  palvj  making  up 
triples  with  Ic/d  centers  have  been  used  to  plot  the  strength 
density  functions  (Fig.  24).  Some  expected  relationships 
between  pairs  are  evident,  such  as  the  fact  that  the  mean 
strength  of  pair  (1-1)  is  greater  than  that  of  (1-2),  which 
Is  In  turn  greater  than  that  of  (1-4).  A  less  expected 
relationship  Is  that  between  pairs  (1-1)  and  (1-1/2):  their 
means  are  very  nearly  equal.  The  strength  of  (1-1)  should 
exceed  that  of  (1-1/2)  only  about  half  of  the  time  and  vice 
versa.  Furthermore,  the  mean  strength  of  (1-1/2)  exceed* 
that  of  (1-2)  despite  the  fact  that  S.H.  In  Experiment  I 
(see  10b)  reported  motion  more  frequently  for  (1-2)  than 
(1-1/2). 

One  remaining  task  Is  to  relate  the  estimates  of 

distribution  parameters  to  the  results  of  the  first 

experiment.  f’ow  dlrl  observers  In  the  first  experiment  decide 
« 

whether  or  not  to  report  notion  when  presented  with  a  given 
pair  of  DOCs?  One  proposal.  In  keeping  with  the  model  just 
developed.  Is  that  they  made  their  reports  on  the  basis  of 
the  strength  variable  associated  with  the  pair.  The  most 


i' 


mundane  example  of  such  a  decision  rule  Is  to  set  a  fixed 
threshold  strength  for  reporting  motion;  observed  strengths 
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greater  than  or  equal  to  the  threshold  will  elicit  a  motion 
report,  while  strengths  less  than  threshold  will  not*  Such  a 
scheme  Is  Illustrated  In  Fig.  25.  According  to  the  model, 
strengths  are  distributed  normally  for  all  pairs,  but  with 
differing  means  and  standard  deviations.  For  each  pair, 
estimates  of  the  mean  and  standard  deviation  are  available  In 
Table  3.  In  order  to  calculate  the  probability  that  the 
strength  of  a  given  pair  will  exceed  a  fixed  threshold,  one 
simply  has  to  convert  the  threshold  to  a  standard  normal 
deviation  and  consult  any  table  of  the  normal  distribution 
(Hays  A  W1 nkler , 1 974 )  for  the  corresponding  probability. 
Thus,  If  the  threshold  level  used  by  the  subjects  In  the 
first  experiment  were  known,  the  probability  of  seeing  motion 
for  any  given  pair  of  DOGs  could  be  predicted  from  the 
estimates  of  strength  distribution  obtained  In  the  second 
experiment . 

The  selection  of  a  threshold  value  Is  a  problem  In 
this  line  of  reasoning.  Without  making  further  assumptions 
It  cannot  be  extracted  from  the  data  In  the  second 
experiment.  In  particular,  the  modelling  of  the  “splitting" 
and  "null  responses  would  need  to  be  elaborated.  Since  this 
Is  not  my  Interest  In  this  paper,  a  simpler  assumption  about 
the  threshold  strength  will  he  adopted.  The  means  of  the 
strength  distributions,  as  a  consequence  of  assumptions  In 
the  estimation  procedure  vary  more  or  less  symmetrically 
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around  zero,  (the  origin  of  Che  psychological  scale  was 
arbitrarily  set  there),  so  for  the  purpose  of  generating  some 
typical  predictions,  the  threshold  strength  will  also  be 
assumed  as  zero. 


The  predicted  and  observed  percent-seen  curves  for  all 
16  pairs  are  shown  In  Figs.  26-29  for  the  four  subjects 
individually.  A  set  of  curves  showing  the  average  of  the 
four  subjects  Is  shown  In  Fig.  30.  The  peaked  curves 
emerged  from  many  of  the  predictions  In  more  or  less  the 
right  places.  Another  look  at  the  rank  order  statistics  for 
the  56  pairs  of  predicted  and  observed  percentage-seen 
reveals  a  Kendall's  tau  of  0.4A  (p.Ol),  Indicating  that  the 
predicted  levels  are  not  In  such  poor  agreement.  It  Is 
likely  that  this  figure  could  be  somewhat  Improved  by 
adjusting  the  threshold  levels  with  a  best  fit  procedure,  but 
this  has  not  been  attempted. 


The  simple  model  presented  here  should  by  no  means  be 
considered  a  complete  explanation  of  the  data  collected  In 
the  second  study.  Rather,  It  was  proposed  with  the  Intent  of 
supporting  the  s 1 ze-s pec  1 f 1 c 1 1 y  findings  of  the  first  study. 
As  such,  it  Is  notably  incomplete  and  possibly  Inadequate  In 
explaining  the  splitting  and  no-motlon  cases  arising  with 
triples.  This  aspect  of  the  data  was  Indeed  more  complicated 
than  expected.  Acknowledging  these  shortcomings  however,  the 


size  Factors  In  Apparent  ^fotlon 
A  Model  Relatln(>  the  Two  Experiments 

notion  that  the  perecent  seen  curves  of  the  first  experiment 
Index  some  quantity  relevant  to  perceived  motion  Is  generally 
bolstered  by  the  second  experiment  In  conjunction  with  a 
competition  model. 
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Figure  1  The  stimulus  configuraticjn  used  by  Ternus  (1926) .  When  the 

FRAMES  ARE  PRESENTED  ALTERNATELY^  THE  T\<0  DOTS  APPEAR  TO 
MOVE  AS  A  GROUP^  BACK  AND  FORTH. 


Figure  3.  The  stimuli  used  by  Ullman  CL97‘j).  depicted  by  their  luminance 

DISTRIBUTIONS.  WHEN  THE  FRAMES  ARE  PRESENTED  ALTERNATELY^  MOTION 
IS  SEEN  BETV^EEN  THE  SHARP  EDGES  (*) . 


Figure  4  (a)  Difference  of  Gaussians  (DOG)  FUNaiON  and  (b)  its 
Fourier  transform. 


\ 

\ 

'v 

/ 

' 

/ 

/ 

// 

/ 

/ 

> 

Figure  Broken  wagon  wheel  display  (UllmanJ.979)  Solid  lines  show 

THE  FIRST  FRAMED  DASHED  LINES  THE  SECOND.  ARROWS  INDICATE 
PERCEIVED  DIRECTION  OF  MOTION  FOR  THE  3  SEGMENTS  OF  SPOKES 
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Figure  15  Anomalous  results  in  experiment  1  for  subjects  S.H.  &  A.S 
(top  and  BonoM  rows).  Pairs  (^-1)^  left  column.  &  (1-^) 

RIGHT  COLUMN.  SHOW  CONSIDERABLE  DIFFERENCE. 


Figure  17  Difference  between  percent  seen  in  motion  at  the  shortest  ISI  and  Percen 

SEEN  IN  MOTION  AT  THE  LONGEST  ISI  (COMPOSITE  DATA)  PLOTTED  AS  A  FUNCTION 
OF  PAIR  SI7F  CODE  (  FOR  PAIR  f i ^  ^oTHIS  IS  LOGoCfi)  +  LOGoC^?)  +  2 
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Figure  18  The  splitting  configuration.  When  the  two  frames 

ARE  ALTERNATED^  OBJECT  A  MAY  APPEAR  TO  MOVE  TO 
THE  LEFT  SIDE  (B)/  THE  RIGHT  SIDE  (c)  OR  BOTH 
SIDES  SIDES  SIMULTANEOUSLY^  I.E.  SPLIT. 
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Figure  23.  Scattergram  plotting  calculated  preferences  for  the  first 
EXPERiMErrr  (horizontal  axis)  vs.  the  second  experiment^ 
(vertical  axis).  Digits  signify  number  of  data  points  at 

A  GIVEN  LOCUS. 


Fixed  threshold 


Strength 


Figure  25  Fixed  ■mRESHOLD  decision  rule  as  applied  to  pair 

STRENGTH  AND  MOTION  REPORTS,  SHADED  AREA  SHOWS 
PROBABILITY  OF  REPORTING  MOTION. 
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APPENDIX  1 

DESCRIPTION  OF  APPARATUS 

The  si<steii  used  to  disf-lau  all  patterns  described  in  the 
precedina  experiaents  is  illustrated  in  the  diaarae  on  the  followina 
paae.  The  various  difference  of  Gaussians  (DOG)  waveforas  needed 
are  aenerated  b<i  and  stored  in  the  aeaorv  of  a  diaital  coaputer. 

Sixty  tiaes  each  second*  a  crustal  controlled  clock  (also  part  of 
the  coaputer)  initiates  a  new  fraae  of  the  display.  The  ‘new-fraae* 
pulse  has  three  aain  effects,  the  sweep  aenerator  is  triaaered  to 
start  aovina  the  scope's  electron  beaa  horizontally  across  the 
screen*  the  display  contrast  is  selected  froa  a  teaporal  wavefora 
list  in  coaPuter  aeaory  and  converted  to  a  voltaae  level  by  a  12-bit 
diaital  to  analoa  converter*  the  points  of  the  spatial  wavefora 
are  converted  to  voltaaes  by  another  12  bit  diaital  to  analoa 
converter.  All  three  processes  are  initiated  virtually  siaultaneously 
the  selection  of  display  contrast  occurs  only  at  the  beainnina  of 
each  fraae*  and  reaains  constant  for  the  duration  of  the  fraae. 

The  conversion  of  the  spatial  wavefora  takes  aost  of  the  duration  of 
the  fraae  to  coaplete.  Durina  this  conversion*  the  sweep  aenerator 
Boves  the  electron  beaa  across  the  entire  face  of  the  scope*  evenly 
distributina  the  points  of  the  spatial  wavefora.  The  vertical  axis 
of  the  display  scope  is  aodulated  by  a  hiah-f reouency*  free  runnina 
trianale  wave  aenerator*  the  line  traced  across  the  screen  by  the 
sweep  aenerator  is  thereby  extended  to  a  bar  fillina  the  entire 


screen. 


High  ResolMrton  Display  System 


